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In designing a building architects seek to  
create a framework that is light but strong. 
The neck bones of Barosaurus show that the  
relationship between strength and lightness is  
just as important in evolution. 
 
(Museum of Natural History, New York). 
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SUMMARY 
To improve a wettability of annealed high strength steels and model alloys by Zn bath, two 
processes were applied to modify the surface: selective oxidation during annealing in 5 % 
H2/N2 at 820°C at dew points -60, -30 and 0°C on HSS (DP 500, Ti-IF and TiNb-IF), and 
preoxidation in air at 700°C with subsequent annealing in 5 % H2/N2 at dew point -30°C on 
model alloys (Fe-Al, Fe-Si and Fe-Mn). 
External oxidation of Al and Mn is observed at dew point -60°C. Nitrides, AlN on DP 500 and 
TiN on interstitial free steels, formed by the reaction of nitrogen from the steel with Al and Ti 
are detected as well. BN film/particle forms on DP 500 due to reaction of nitrogen adsorbed 
from the atmosphere with B from the steel. Surface of DP 500 shows almost no wettability by 
Zn bath thus suggesting no wettability of BN. Interstitial free steels exhibit good wettability 
since covered by small Al and Mn oxides only. With increasing dew point to –30°C a 
transition of Al oxidation from external to internal takes place where the maximum of Mn, Si 
and Cr external oxidation is detected. B is mostly present as oxide. Segregation and oxidation 
of B is found to suppress Si segregation. The wettability of the surfaces decreases on 
interstitial free steels at dew point –30°C while on DP 500 wettability increases compared to 
the one at dew point -60°C. The dominant process at dew point 0°C is external oxidation of P 
and formation of (Fe)Mn phosphate at the grain boundaries, while the grains are 
predominantly covered by MnO and some Cr2O3 and SiO2 on Ti-IF and DP 500 steels. The 
wettability behaviour of the steel surfaces annealed at dew point 0°C is much better than after 
annealing at dew point –30°C. The absence of Si on TiNb-IF at all three dew points can be 
understood by a site competition between segregating B and/or S and Si at low dew points, 
and P and/or C and Si at higher dew points. 
Preoxidation of model Fe-Al and Fe-Si alloys with less than 3 wt. % of Al(Si) leads to the 
formation of mostly Fe-oxides and partially Fe-Al(Si) oxides. During the subsequent 
annealing the Fe-oxides are reduced to metallic Fe and the surfaces show a better wettability 
in a Zn bath than only on annealed alloys. The best wetting is obtained on the Fe-1 wt. % Si, 
where a spongy metallic Fe forms after reduction in the annealing cycle. When the alloys 
contain 3 wt. % Si(Al) or more, a larger area of the surface is covered by non wetted Si and 
Al oxides and such surfaces show no improved wettability after the preoxidation and 
annealing. On the Fe-Mn alloys oxidized in air complex oxide layers are detected, mostly (Fe, 
Mn) oxides and Fe-oxides. Although not completely reduced to metallic Fe, these surfaces 
seem to give no significant problems in the wetting process up to 5 wt. % Mn. 
 
ZUSAMMENFASSUNG 
Oberfläche Modifizierung auf Grund der verbesserten Benetzbarkeit mit Zn Bad von 
geglühten Hochfest Stähle und Model Legierungen, war durch zwei Prozessen geschafft: 
Selektive Oxidation beim Glühen in 5 % H2/N2 bei 820°C und Taupunkten -60, -30 und 0°C, 
und Voroxidation in Luft bei 700°C gefolgt mit Glühen in 5 % H2/N2 beim Taupunkt -30°C 
bei 820°C auf Model Legierungen (Fe-Al, Fe-Si und Fe-Mn). 
Externe Oxidation der Al und Mn wurde beim Taupunkt -60°C beobachtet. Die Nitriden, wie 
AlN auf DP 500 Stahl und TiN auf IF Stahl, entstanden durch die Reaktion zwischen 
Stickstoff aus Stahl mit Al und Ti wurden ebenso gefunden. Auf DP 500 wurden auch BN 
Teilchen/Film, die durch Reaktion von B mit Stickstoff aus Gas entstehen, entdeckt. 
Benetzungstests zeigen dass die Oberfläche bedeckt mit BN nicht benetzbar ist. Entgegen 
sind die IF-Stähle, die nur mit Al- und Mn-Oxid Teilchen gedeckt worden sind, sehr gut 
benetzbar. Beim höheren Taupunkt von -30°C findet ein Wechsel von externer zu interner Al 
Oxidation statt. Bei diesem Taupunkt ist das Maximum externe Oxidation von Mn, Si und Cr 
gefunden worden. Das B wurde meistens als Oxid entdeckt. Es ist zu beobachten, dass die 
Segregation und Oxidation von B, die Si Segregation und Oxidation an der Oberfläche 
unterdrückt. Die Benetzbarkeit der DP 500 verbessert sich, während die von IF-Stähle sich 
verschlechtert, im Vergleich zu dem Wert beim Taupunkt -60°C. Der dominante Prozess beim 
Taupunkt 0°C ist externe Oxidation von P, gefolgt mit (Fe)Mn Phosphate Formierung, 
überwiegend auf die Korngrenzen. Die Körne sind meistens mit MnO und weniger mit Cr2O3 
und SiO2 auf Ti-IF und DP 500 bedeckt. Verbesserte Benetzbarkeit ist auf alle Stähle nach 
Glühen beim Taupunkt 0°C zu beobachten. Die Abwesenheit von Si auf TiNb-IF Stahl bei 
allen drei Taupunkten kann durch die Konkurrenz um die Platzbesetzung zwischen B 
und/oder S und Si bei niedrigeren Taupunkten, und zwischen P und/oder C und Si bei höheren 
Taupunkten, erklärt werden. 
Voroxidation der Modelliegerungen Fe-Al und Fe-Si, mit weniger als 3 Gew. % Legierungs-
elementen Al(Si), führt zum Bildung von überwiegend Fe-Oxiden und teilweise Fe-Al(Si) 
Oxiden. Im folgenden Glühprozess wurden Fe-Oxiden bis zu metallisch Fe reduziert. So 
entstandene Oberfläche ist sehr gut benetzbar. Die beste Benetzberkeit ist auf der Oberfläche 
von voroxidierten und geglühten Fe-1 Gew. % Si Legierung, die aus schwammig metallisch 
Fe besteht, zu beobachten. Wenn die Legierungen 3 Gew. % Si(Al) oder mehr enthalten, der 
große Teil der Oberfläche ist mit unbenetzbaren Si- oder Al-Oxiden bedeckt, und 
Voroxidation verbessert nicht mehr die Benetzbarkeit. Auf der Fe-Mn Legierungen sind nach 
dem Voroxidation überwiegend (Fe, Mn) Komplexoxiden, zusammen mit Fe-Oxiden 
gefunden worden. Obwohl diese Komplex (Fe, Mn) Oxiden nicht in dem Glühprozess zum 
metallisch Fe ganz reduzierbar sind, es scheint als die Legierungen bis 5 Gew. % Mn noch 
immer gut benetzbar sind.  
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AES       Auger Electron spectroscopy 
AHSS       Advanced High Strength Steel 
BE       Binding Energy 
CMn       Carbon-Manganese Steel 
CP       Complex Phase 
CWE       Cold Work Embrittlment 
DP       Dual Phase Steel 
EBSD       Electron Back Scatter Diffraction 
EDX       Energy Dispersive X-Ray Analysis 
EFTEM      Energy Filter TEM 
EHT       High voltage Target 
FEM       Field Emission High Resolution SEM 
FIB       Focus Ion Beam 
GB       Grain Boundary 
HDG       Hot Dip Galvanizing 
HSLA       High strength low alloys 
IF       Interstitial Free Steel 
IMC       Inter Metallic Compound 
IR       Infra Red 
IS       Isotropic Steels 
LEED       Low Energy Electron Diffraction 
QBSD       Quadrate Back Scattered electron Detector 
SE       Secondary Electron 
SEM       Scanning Electron Microscope 
TEM       Transmission Electron Microscope 
Ti-IF       Titanium-Interstitial Free Steel 
TRIP       Transformation Induced Plasticity 
UHSS       Ultra high strength steel 
ULC       Ultra Low Carbon 
ULCB       Ultra Low Carbon Beinitic 
Abbreviations iv 
ULSAB      Ultra Light Steel Auto Body 
ULSAB-AVC Ultra Light Steel Auto Body-Advanced 
Vehicle Concept 
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XPS       X-ray Photo-Electron Spectroscopy 
XRD       X-Ray Diffraction 
YS       Yield Strength 
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Symbol Unit Explanation 
ξ [-] Fe-Zn intermetallic compound (6 % Fe) 
Γ’ [-] Fe-Zn intermetallic compound (25 % Fe) 
δ1 [-] Fe-Zn intermetallic compound (10 % Fe) 
∆G [J/mol] Gibbs free energy  
∆H J/mol Enthalpy  
o
R G∆  
(same as ∆RGθ, see 
Ref. [Bi83]) 
J/mol Standard Gibbs free energy of formation  
∆S J/K.mol Entropy  
a(Me) [-] Activity of metal 
a(MexOy) [-] Activity of metal oxide 
K [bar], [bar-1] Equilibrium constant 
R [J·K-1·mol-1] Universal Gas Constant (8,31441) 
T [K] Temperature in Kelvin 
νi [-] Stoichiometric Coefficients 
Kl [bar], [bar-1] Gas Equilibrium Constant 
DP [°C] Dew Point 
kl  [cm·s-1] Linear rate constant 
∆m [g] Mass change per area A 
A [cm2] Area 
kp [cm2·s-1] Parabolic rate constant 
t [s] Time 
(S)
oN  [atom fraction] The oxygen solubility in alloy 
(o)
BN  [atom fraction] The initial solute concentration in alloy 
Ks  Solubility product 
Oc  [mol·cm
-3] Oxygen concentration in alloy 
Bc  [mol·cm
-3] Concentration of solute B in alloy 
OD  [cm
2·s-1] Oxygen diffusivity in alloy 
BD  [cm
2·s-1] Diffusivity of solute B in alloy 
Ne [-] The number of alloying elements 
T
iF  [-] Total molar or mass fraction of element 
D
iF  [-] Molar or mass fraction of element 
dissolved in matrix 
αF  [-] Molar/mass fraction of precipitate P
α 
Mi [kg] Atomic mass of element Ei  
Mα [kg] Molecular mass of precipitate Pα  
a  [-] Thermodynamic activity of the 
segregating species A 
Symbols vi 
Γ [mol/cm2] The surface concentration of segregating 
species A  
γ´ 
(same as γ, see Ref. 
[Gra95]; here denoted as 
γ´ because a function of 
Do in Eq. (3.24) is also 
denoted as γ)  
[J·mol-1·cm-2] Surface energy 
Γsat [mol·cm-2] Saturation coverage 
θ [-] Degree of surface coverage 
x [mol·cm-3] Bulk concentration of the segregating 
species A 
o∆H  [J·mol-1] Standard enthalpy of segregation 
o∆S  [J·K-1.mol-1] Standard entropy of segregation 
o∆G  [J·mol-1] Standard Gibbs free energy of segregation 
α [-] Interaction energy term 
DV [cm2·s-1] Volume diffusivity 
TOA [K] Temperature of the cryostat 
Kr [bar], [bar-1] Equilibrium constant for the reaction of 
water formation 
KE [eV] Kinetic Energy 
h [J·s] Planck Constant (6,626176×10-34) 
ν [s-1] Frequency 
φs [eV] Spectrometer work function 
Ex, Ey, Ez [-] Energy levels in atom 
g [-] Volume fraction of oxide 
Vm [cm3·mol-1] Molar volume (alloy, oxide) 
QO [J·mol-1] Activation energy for oxygen 
QB [J·mol-1] Activation energy for solute B 
o
0D  [cm
2·s-1] Preexponential factor for oxygen 
diffusivity 
o
BD  [cm
2·s-1] Preexponential factor for solute B 
diffusivity 
ϕ [-] Ratio Do/DAB 
DAB [cm2·s-1] Interdiffusion coefficient in the alloy 
γ [-] Function of Do 
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Abstract 
 
A need for thinner steel sheets for auto industry demands a change in steel chemistry, since 
these materials have to exhibit good formability properties but also a high strength. The 
strength of material is improved with addition of elements like Mn, Si, Al, Cr etc, which 
dissolve in a base matrix and give a solute or precipitation strengthening effect. Annealing of 
steel sheets, to recrystallize the cold rolled structure and to clean the surface of remaining 
layers like residual oil, is a necessary process but during which an oxidation of the elements 
with a high affinity toward the oxygen always occurs. These Mn, Si, Al and Cr oxides show a 
poor wettability during the hot dip galvanizing in Zn bath (applied for a cathodic protection). 
Since a steel composition is conditioned by the application properties, and the annealing 
temperature is defined by the steel composition, a selective oxidation without a changing of 
these two parameters is used to modify the steel surface properties and to improve its 
wettability behaviour. The annealing experiments on different industrial, dual phase and 
interstitial free steels in a protective 5 vol. % H2-N2 atmosphere at different dew points were 
performed and different oxide types and morphologies were observed. The formed oxides 
were like small islands rather than a continuous layer. It was found that the type, morphology 
and distribution of these oxide islands influence the wettability of the steel sheets during the 
hot dip galvanizing. During oxidation some elements oxidized internally, depending on the 
partial pressure of oxygen in the gas, and this was shown to be a good way of modifying the 
surfaces.  
Since metallic Fe, as well as iron oxides, show a good wettability, compared to the Mn, Si and 
Al oxides, a preoxidation in air can be a promising process step for surface modification. The 
preoxidation of Fe-Mn, Fe-Si and Fe-Al model alloys in air and subsequent annealing were 
performed and the results showed that in the case of some alloys, depending on the amount of 
alloyed element, this method can be used to improve the wettability properties of the surface. 
This is explained by a reduction of iron oxides formed during preoxidation to metallic iron 
surrounding irreducible Mn, Si or Al oxides, or complex Fe-M oxides (M being Mn, Si, Al) 
during the annealing. In the case of Fe-Si and Fe-Al alloys a critical Si and Al concentration 
in the alloy was found to limit the efficiency of preoxidizing. For the chosen Mn 
concentrations in a binary Fe-Mn system no critical Mn concentration was observed. 
The segregation of non metallic elements like S, P or B influences strongly the oxidation 
behaviour due to tendency of these elements to diffuse at the grain boundaries, closing the 
Abstract 2 
paths for oxygen and reducing the ease of solute element diffusion. Investigations of the influence 
of segregated elements on the selective oxidation on the chosen alloys were also performed. 
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1 Introduction 
 
A tendency to decrease the weight of cars by a decrease in consumption of material and at the 
same time the cost of production, has affected the car industry, especially in the last decade. 
The new generation of steels for car production has to be formable and to have high strength 
properties. Beside steels which have been used for a long time, new light alloys based on Al 
and Mg are more and more in use. The challenge for the steel industry is to “keep on a track” 
with grades which can be formed to thin sheets, less than 1 mm thick, but which still have 
good mechanical properties and good corrosion resistance. A method currently used to satisfy 
these two demands is the alloying of steel grades with solute strengthening elements like Mn, 
Al, Si, Cr etc. Cold rolled grades contain a lot of remaining stresses and a residual oil from 
the rolling process and therefore must undergo an annealing step during which 
recrystalization and removal of oil occur. The annealing process is conducted in a protective 
H2-N2 atmosphere which is reducing for some elements but oxidizing for others. Elements 
with a strong affinity toward oxygen (Mn, Si, Al, Cr) always oxidize during annealing. 
The formed oxides are small islands that exhibit a poor wettability in the Zn bath during the 
hot dip galvanizing of sheets. The hot dip galvanizing is a necessary process and is applied to 
provide cathodic corrosion protection of steels for car production applications. During a 
further working of sheets, on the places where wettability was poor, due to the oxides present 
on the surface a Zn coating exhibits defects and in the worst case spoliation. Surface 
modification can be obtained by changing the surface chemistry without changing a materials 
composition. For this to be achieved, selective oxidation appears to be a promising method. 
During a selective oxidation different oxidation behaviour of elements is expected, as well as 
a different surface coverage with oxides. It is believed that not only the distribution but also 
the type of oxides influences the wettability. 
Use of a preoxidation step of the alloys in air-before annealing-to obtain iron oxides which 
are subsequently reducible to metallic iron during annealing has been found as useful in 
overcoming wettability problems in the production of coated car panels. 
 
The main goal of this work is to study selective oxidation and preoxidation as methods to 
improve the surface wettability during hot dip galvanizing, without changing the chemical 
composition of steels. In addition this investigation looks at the segregation of non
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 metallic elements and their influence on the oxidation of some elements. Since the oxidation 
times of around 1 min used in this work are relatively short, the results obtained on model 
alloys can be useful for a better understanding of initial stages of high temperature oxidation. 
 
 
2 Up to date 
 
 
Challenged by demands for a reduced material consumption, increased fuel efficiency, 
tougher safety standards for increased crash resistance of cars, and decreased total costs of 
production in auto industry, a new generation of steels has been developed. Steel accounts for 
55 to 60 % of the vehicle weight and although still a main material for car body it has to 
compete with plastics, composites and Al alloys which posses a lighter specific weight. 
 
Having in mind the fact that any steel part, designed to an allowable yield strength criterion, 
can be reduced in weight using a higher yield strength grade and coupled to this is that a 
doubling of a yield strength allows a weight reduction of 50 % under tensile load [Yo75, 
Sp84, Sp94], it can be said that strength properties of steel play a key role in a fabrication of 
sheets for a car body. The higher crash absorbing capability is also achieved by increasing the 
ratio of dynamic strength to static strength and use of a multi phase high strength steels 
enables a strength range from 500 to 1200 MPa [En00]. High strength low alloys (HSLA), for 
welded constructions, currently consume more than 10 % of the total steel production in 
industrial countries. The cost savings are somewhat less than the reduction in weight due to 
higher production costs of HSLA, but much higher savings are obtained in transport, 
fabrication and, in addition, lower material cost, since the weld metal volume is reduced by a 
factor of two when related to the reduced cross sections [Tr89]. 
 
The cost breakdown, if we take a car bonnet for example, is approximately: protection against 
corrosion 14 %, assembly-paint 23 %, fabrication process 35 % and material 28 % [De84]. 
From the aspect of costs the fabrication process is the factor with the most influence and is 
improved through use of continuous production lines. Overall costs are reduced rather by a 
size reduction than material cost itself. Corrosion protection is a necessary step in fabrication 
of steels for car bodies and normally involves cathodic protection with Zn by hot dip 
galvanizing [Mar00]. 
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2.1 High strength steels 
 
For more than 150 years steel has been established industrially as a construction material. In 
automotive applications, steel is used in outer panels, inner panels, structural sections, engine 
parts and suspension components. The required properties include strength, formability, 
resistance to collision impact, weldability, paintability, corrosion resistance, convenient 
optical appearance and recyclability. HSS (high strength steels) meet rather than satisfy these 
demands and according to [Ta00], Nippon Steel Corporation, HSS for exposed panels, doors 
and hoods, are limited to 400 MPa tensile strength (due to surface deflection problem), door 
inner panels and inside panels demand a standard of 590 MPa HSS and for reinforcements, a 
strength of 980∼1470 MPa HSS is required. HSS steels are defined as those with yield 
strength of 210-550 MPa, ultra high strength (UHSS) are steels with yield strength higher 
than 550 MPa while the yield strength of advanced high strength steels (AHSS) overlap the 
strength between HSS and UHSS, as shown in Fig. 2.1. 
 
 
Fig. 2.1: Strength-Formability relationship for mild, conventional HSS and AHSS [Am01]. 
 
The formability, measured by total elongation, of conventional strength steels, mild and IF 
(Interstitial Free), is less than that of conventional HSS, CMn (carbon-manganese), BH (bake 
hardenable), IS (isotropic steel), high strength IF or HSLA. The best formability is shown by 
multi-phase AHSS like DP (dual phase), TRIP (transformation induced plasticity) and CP 
(complex phase) steels. Multi phase microstructure steels were developed as the answer to the 
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problem of a lower formability in conventional steels and this is the main difference between 
conventional HSS and AHSS. AHSS are multi-phase steels which contain martensite, bainite, 
and/or retained austenite in quantities which assure a high strength and a good formability. 
This combination of mechanical properties comes from their high strain hardening capacity 
(result of a lower yield strength (YS) to ultimate tensile strength (UTS) ratio). Since AHSS 
are produced by controlling the cooling rate from the austenite or austenite plus ferrite phase, 
a cooling pattern and corresponding microstructures are presented in Fig. 2.2.  
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Fig. 2.2: Cooling patterns and microstructural evolution in the production of AHSS [after Am01]. 
 
The microstructure of dual phase steels, DP, consists of soft ferrite and between 20 and 70 % volume 
fraction of hard phases, normally martensite. The soft ferrite phase gives steel an excellent 
ductility and during a deformation the strain is concentrated in the lower strength ferrite 
phase, creating unique high work hardening rate. Both, the excellent elongation and the work 
hardening rate, give a much higher ultimate tensile strength to DP than in conventional steels. 
DP steels are designed to provide an ultimate tensile strength of up to 1000 MPa. Energy 
absorption tests performed during a crash showed that with 800 MPa tensile strength dual 
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phase steel, instead of mild steel, an increase of energy absorption of 60 % can be achieved as 
well as a weight reduction of 25 % [Sp84]. 
 
The microstructure of TRIP steels consists of a continuous ferrite matrix with dispersed hard 
secondary phases of martensite or/and bainite with retained austenite in a volume fraction 
greater than 5 % (normally 8-16 %) [Gras02, Na03, Ebe98]. Similarly to DP steels, during 
deformation the dispersion of hard second phases in soft ferrite creates a high work hardening 
rate. The presence of retained austenite, which transforms to martensite increases the work 
hardening rate at higher strain levels [Vr99, Po99]. This structure guarantees the extremely 
favourable forming characteristics of these steel grades. 
 
In martensitic steel, the martensite fraction in the structure goes up to 60 %. Transformation 
of austenite that exists during hot rolling or annealing occurs during quenching but this 
structure can also be developed with post forming heat treatment. This class of steels provides 
the highest strengths, up to 1500 MPa, having an extreme formability at extremely high 
strength [USS75]. 
 
Due to the very fine-grained bainitic basic microstructure with embedded ferrite and 
martensite islands and precipitation hardening, complex-phase steels, have very high strength 
values. These steels provide ultimate tensile strength of 800 MPa or more. Characteristics for 
CP steels are high deformability, high energy absorption and high residual deformation 
capacity [USS75, Li00]. 
 
The microstructure of interstitial free steels consists of a highly ductile matrix of ferrite with 
imbedded precipitates such as TiC, TiS, TiN, NbC, NbN etc. [USS75, Van98]. IF steels 
exhibit an excellent deep drawability [Ok96]. 
 
In 1994. the car industry started the ULSAB-AVC, the ultra light steel auto body - advanced 
vehicle concept, project for demonstrating the potential of lightweighting automobile 
structures without compromising structural behaviour, safety, manufacturability for high 
volumes and affordability [Sa00]. 
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2.1.1 Alloying concept in high strength steels 
 
 
Toughness and ductility in steels are improved with a lowering carbon content but on the 
other side hardness decreases, as can be seen in Fig. 3.3. where the relationship between 
carbon content and 0,2 % offset yield strength in untempered martensite is presented. 
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Fig. 3.3: Relation between carbon content and yield strength in untempered martensite [after Sat97]. 
 
 
In DP (dual phase) steels carbon enables the formation of martensite at practical cooling rates 
and that leads to increased hardenabillity. TRIP steels (transformation induced plasticity 
steels) have higher contents of carbon to lower the martensite temperature to below ambient 
temperature and to retain the austenite phase [Ble02]. At higher carbon contents the retained 
austenite is more stable and begins to transform only at strain levels beyond those produced 
during the stamping and forming. It transforms to martensite during, for example, a crash 
event, providing a greater crash energy absorption. In martensitic steels carbon is added to 
increase a hardenability and also to strengthen the martensite. 
 
Steel weldability, with regard to the heat affected zone, requires carbon levels below 0,09 % 
C. If higher than this value the solidification of liquid steel proceeds via the peritectic reaction 
and transformation of the primary ferrite into austenite leads to additional shrinkage. 
Processes which occur are: 1) Solidification and macro segregation (Macro segregation, 
2.1 High strength steels 9 
especially in the case of Mn, leads to local brittle phases in the heat affected zone 
deteriorating the overall toughness of the steel) and 2) Diffusion into austenite grains, e.g. C. 
Thus modern steels for welded constructions can not rely on carbon to achieve the required 
high strengths. 
 
Additions of elements like Cr, Mn, Al, Si, Ti, Nb, V increase the hardening properties due to 
the presence of these elements as precipitates or solute atoms in the steel matrix. In DP steels, 
for example, additions of Mn, Cr, Mo, V and Ni increase hardenability, P and Si also 
strengthen the martensite. Si helps to partition carbon to the austenite phase thereby 
increasing its hardenability and the strength of the resultant martensite phase. An interacting 
influence of alloying elements is very important in designing of HSS and defining 
concentration limits for certain elements. The relationship between Mn and C, and P and C 
content is well known. In regard to metal-arc welding if C content is below 0,20 wt. %, Mn 
can be greater than 1,00 wt. %. In the case of spot welding Mn content over 1,00 wt. % can be 
tolerated, if C content is lower than 0,10 wt. %. The influence of P on arc welding is even 
stronger than for Mn. For a plain carbon steel containing 0,10 wt. % C a permissible upper 
limit for P is 0,20 wt. %. A lower content of C in HSS is responsible for the segregation of 
phosphorous onto the ferrite grain boundaries and this can cause intergranular brittle fracture 
during a high-speed impact deformation at low temperatures. This is a consequence of a 
decreased bonding strength at the grain boundaries. Alloying with B should enhance the Cold 
Work Embrittlement -resistance (CWE) in HSS alloy with P and small amounts of C, this is 
particularly important for IF HSS. Cr additions in DP steel are of special significance since Cr 
decelerates the pearlite formation and on the other side Cr has a solution strengthening effect 
in steels. Although present in a very small amounts in steels N has to be stabilized with 
additions of Al (Al-killed steel), since N causes unwanted ageing effect even at ambient 
temperature [USS75]. 
 
The schematic for tailoring of a high - strength low - alloy steel (HSLA) is suggested by 
Cheng et al. [after Ch97] and presented in Fig. 2.4. 
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Fig. 2.4: Strengthening mechanism of the designed steel [after Ch97]. 
 
 
2.2 Wettability problems caused by oxidation during the annealing of high strength steels 
 
The term annealing is generally used to describe several types of heat treatment, often very 
different in procedure but yet all accomplishing one or more of the following effects: 
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1. Remove stresses 
2. “Soften”, by altering mechanical properties 
3. Refine the grain structure 
4. Produce a definite microstructure. 
 
The selection of a specific annealing process depends on the steel grade being processed as 
well as on the particular predominant or overall wanted effect. The schematic of a full 
annealing cycle can be seen in Fig. 2.5. 
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Fig. 2.5: A schematic of an annealing cycle. 
 
For all IF steel, recrystallization and annealing is generally performed at high temperatures, 
around 800°C, while in the case of DP and TRIP steels, an intercritical annealing, associated 
with a rapid cooling is needed to reach a correct steel microstructure. The annealing cycle is 
conducted in a H2-N2 protective atmosphere. This condition assures the reduction of a native 
iron oxide (a few nm in thickness) formed during the metal forming and storing. At elevated 
temperatures a segregation of alloying elements takes place, resulting in the enrichment of the 
surface in these atoms. Due to their high affinity toward oxygen the oxidation of elements, 
Mn, Cr, Al, Si etc., always occurs during the annealing. Olefjord et al. [Ol80] showed that the 
water content in the gas would have to be extremely low if oxidation of reactive elements, 
such as Mn, Si, Al, V, Ti, were to be avoided and that this is practically impossible. The same 
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authors found oxide islands of MnO, SiO2, TiO2, Al2O3 and V2O3 on a steel surface after 
annealing at 850°C at dew point –30°C in 15 vol. % H2-N2 gas atmosphere. Iron was found in 
a metallic state. The most commonly used atmosphere is 5 vol. % H2 but also an increase up 
to 15 vol. % H2 in gas does not lead to reducing conditions for the mentioned elements. 
Experiments done by Drillet et al. on Ti-IF steels at different dew points and also in 15 vol. % 
H2-N2 gas atmosphere showed appearance of oxide islands of different chemistries, depending 
on a dew point of gas (water content) [Dr01]. They found at lower dew points (-45°C) Al2O3 
oxides in the grain boundaries and MnSiO3 on the surface. At higher dew points, oxidation of 
Cr occurred and formation of (Mn, Cr)3O4, and oxidation of P and formation of Mn3(PO4)2. 
Depending on the Mn/Si ratio in steel both Mn2SiO4 and MnO or only Mn2SiO4 are formed. 
Oxidation of different DP and TRIP grades during the annealing at dew point –30°C and at 
even higher H2 content in gas (20 vol. %) showed no significant change in the surface 
chemistry with reference to Mn, Si and Al oxides [Va01]. Investigations of the surface 
oxidation of TRIP, DP and C-Mn steels in 20 vol. % H2-N2 atmosphere with dew point -30°C 
at 820°C for 30 sec indicated the presence of a rather homogenous layer of oxides on a TRIP 
steel alloyed with Si and Al in contrast to nodular oxides formed on the surfaces of DP and C-
Mn steels [Bo01]. The types of oxides observed after the continuous annealing of Ti-IF steels 
at dew points -40 and -10°C are presented in Table 1 and a schematic cross section of oxide 
type morphologies at the steel surface in Fig. 2.6. [Gu95]. 
 
 
Table 1: Types of oxides observed by TEM on carbon extraction replicas: continuously 
annealed Ti-IF steel [Gu95]: 
 
Particle Dew point (°C) 
Type Size (µm) -40 -10 
I 0.03-0.3 MnSiO3+SiO2+Al2O3 n.a.* 
I’ 0.03-0.3 MnO+MnSiO3+SiO2+Al2O3  
II 0.03 (Mn, Fe)Cr2O4+Al, Si spinels 
III 0.01-0.03 Cr, Mn, Fe (Si) spinels 
IV 0.06 thick Ribbon: Al, Si, Fe (Cr, Mn) spinels 
*n.a.: detailed nature and structure not analysed. 
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Fig. 2.6: Schematic cross-section of oxide type morphologies at the steel surface [after Gu95]. 
 
After annealing, steel sheets undergo a galvanizing process, i. e. hot dip galvanizing (HDG) in 
a Zn bath for corrosion protection. The most common bath composition used in HDG is Zn–
0,2 wt. % Al. The addition of Al should suppress or delay a formation of undesirable FeZn 
intermetallic due to a formation of an inhibition Fe2Al5 layer. The formation of a protective 
Zn layer on a top of the coating is strongly dependent on the inhibition layer. Formation of 
this inhibition layer is hindered by poor wettability of oxides that are formed on the surface 
during the annealing process. The mechanism of Zn layer formation according to Komatsu et 
al. is as follows: 1) In the first reaction, the Fe-Zn IMCs (Γ’ (25 % Fe), δ1 (10 % Fe), ξ (6 % 
Fe)) and Al5Fe2 develop on the steel surface simultaneously; 2) then, a lower part of Fe-Zn 
IMCs, in the vicinity of the steel surface, transforms to Γ by the Fe diffusion from the steel 
and 3) this portion rapidly transforms to Al5Fe2 by Al diffusion from the neighbouring Al5Fe2 
and the bath: Γ+Al→Al5Fe2+Zn, 4) Zn rejected by this reaction diffuses into the steel 
substrate, but a small amount of Zn segregates at the Al5Fe2/Fe-Zn IMCs interface, 5) when 
Zn segregation at this interface is sufficient, the Zn forms a thin liquid layer which results in a 
separation of the Fe-Zn IMCs from Al5Fe2. While Zn segregation is insuficient, the Fe-Zn 
IMCs remain on Al5Fe2 and change to Al5Fe2 by diffusion of Al and Fe via the supersaturated 
Fe-Zn IMCs [Ko01]. The formation of “outburst” in the Zn layer is closely connected with a 
presence of oxides on the surface and coincides with places where oxide islands “block” grain 
boundaries as diffusion paths for Zn and Fe. A suggested mechanism for outburst nucleation 
is presented in Fig. 2.7. [Gu95]. 
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Fig. 2.7: Possible mechanism for outburst nucleation at emergent substrate grain boundaries – 
short circuit diffusion of Zn through Fe2Al5 [after Gu95]. 
 
Many investigations into the influence of oxide chemistry and morphology on wettability of 
the steel surface with Zn bath during HDG showed that there is a general tendency, for a 
worsening of contact angle with increasing a O2 content in the annealing gas atmosphere, is 
obtained. This was detected in experiments done on low carbon steels, where the angle of < 
90° (wetting regime) observed on a non-oxidized surface changed to >> 90° (non-wetting) on 
oxidized surfaces [Eb01]. Oxidation reactions, of interest in these studies, are controlled by 
the water vapour content and oxygen content in gas atmosphere. An influence of dew point, 
defined as the temperature at which the gas is saturated in equilibrium with water, in 
annealing gas atmosphere on formed oxides and inhibition layer appearance was investigated 
by Hertveldt et al. It was found that at lower dew point (-30°C) external oxidation of Mn 
occurs and the formed oxides have a negative effect on wettability as well as P which remains 
in the ferrite grain boundaries, thus slowing galvannealing kinetics since grain boundaries are 
not free for Zn diffusion. At high dew point (+10°C) internal oxidation and formation of Mn-
P-O precipitates beneath the steel surface occur, showing a beneficial effect on galvannealing, 
elemental P is also removed from the ferrite grain boundaries in the surface and the near-
surface region [He00]. On the other hand a beneficial effect of segregated P on wettability 
was shown by the work of Guttmann et al. who presumed that the presence of P at the grain 
boundaries of steel hinders the diffusion of Zn leading to a delay in destroying of the 
inhibition Fe2Al5 layer [Gu95]. Due to the possibility of a reduction of thinner oxides by Al 
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from the bath (aluminothermia reaction) low alloy grades show no problems during 
galvanizing. This reaction is improved by stirring of the Zn bath, but steels with 0,5 wt. % Cr or 
1,2 wt. % Al or 1,4 wt. % Si in combination with 1,5 wt. % Mn show small defects in Zn coating 
after HDG [Bor01]. Different oxides, such Mn2SiO3, MnO and SiO2, observed on IF steels 
after annealing at different dew points from –45°C to +10°C show no significant influence on 
wettability of the surfaces in Zn bath [Dr01]. 
 
 
2.3 Model alloys 
 
 
Since HSS steels present a complex system of many alloying elements, in order to better 
understand the oxidation behaviour and influence of easy oxidizable elements on surface 
characteristics, a number of investigations were performed on model alloys. Experiments 
concerned the oxidation of elements like Mn, Si and Al in different atmospheres such as air, 
H2-N2 etc. 
 
In earlier work of Wayman and Gray [Way74] it was found that annealing above 590°C 
causes manganese to enrich at the surface zone - typically 1 to 2 µm thick (10000 to 20000 Å) 
- with an underlying depletion zone. No segregation of Mn during vacuum annealing was 
observed. They considered that the vacancy source for Mn segregation is a thin layer of iron 
oxide that forms during annealing and they presumed that below 590°C the formed oxide does 
not act as a vacancy source. The presence of nodular MnO oxides on the surface, especially at 
the grain boundaries, as well as the orientation dependence of oxide formation (polishing 
defects) on Fe-Mn alloy (1,58 wt. % Mn) annealed at 800°C in 5 vol. % H2-N2 atmosphere 
with dew points –30°C and –10°C were observed [Lo01]. Increased dew point leads to less 
externally oxidized Mn but more internal MnO. A similar study by Martinez et al. on Fe-0,6 
wt. % Mn and Fe-1,5 wt. % Mn, annealed at 800°C in 5 vol. % H2-N2 atmosphere with a dew 
point –30°C confirmed the presence of only MnO oxides on the alloy surface [Ma02]. The 
oxides form rather small crystallites, which grow within the grains, rather than a uniform 
scale. Presence of MnO oxides on Fe-1,5 wt. % Mn at dew point -60°C, in both 5 vol. % H2-N2 
and pure N2 was found, but already at a dew point of –44°C iron oxides were detected for the 
case of N2 without H2 [Va02]. In 5 vol. % H2-N2 a maximum intensity of Mn oxide is 
observed at –30°C dew point which drops at 0°C, indicating a decreased external oxidation, 
2 Up to date 16 
while in N2 a constant decrease of Mn oxides and increase of iron oxides was detected with 
increased dew point. Oxidation of Fe-Mn alloys (alloys with 20 and 40 % Mn) in air at 700°C 
exhibited a complexity of the process when compared to oxidation of pure Mn and Fe alloys 
in air and in H2-N2 atmosphere [Ja83]. A multilayer scale of oxides M2O3, M3O4, and MO, 
progressively increased in thickness. The MO oxide present was found to be 
manganowuestite, a solid solution of FeO and MnO, (Fe, Mn)O, due to a complete miscibility 
of these two cubic oxides over the whole range of concentrations. The cubic structure 
jacobsite (Fe, Mn)3O4, attributed to M3O4, is formed on both alloys since Fe3O4 can dissolve 
in excess of 50 mol % Mn3O4. When the solubility of Mn2O3 in Fe2O3 is exceeded, formation 
of Mn2O3 is possible and since this solubility is relatively low (13 wt % at 997°C), formation 
of Mn2O3 is expected in scales that contain relatively low, as well as high, levels of 
manganese. McAdam and Young did sulfidation and oxidation trials on Fe-15 wt % Mn, Fe-25 
wt % Mn and Fe-50 wt % Mn in CO/CO2/SO2/N2 gas atmosphere at 1073 K. They detected, 
under conditions which are sulfidizing-oxidizing for both metals, on the first two alloys 
similar oxidation behaviour, an outer layer of (FeMn)O containing also a region of 
(FeMn)3O4. In the case of alloy with 50 wt % Mn in non-catalysed gas, a scale of an external 
rich manganese monoxide containing a substantial quantity of M3O4 in addition to internally 
precipitated MnO was found [Mc96]. 
 
Oxidation of Fe-Si alloy, 3,15 mass. % Si, (0,069 wt. % Mn, 0,026 wt. % Cr and 0,11 wt. % 
Sn) in 9,8 vol. % H2-Ar gas, with dew point of 275 K, at temperatures between 948-1023 K 
indicated an influence of temperature on surface chemistry [Su03]. At lower temperature only 
SiO2 was found on the surface while at 1023 K formation of manganese silicate occurred. The 
existence of a 0,8-2,5 µm thick internal SiO2 zone was confirmed as well. After exposing Fe - 
6,10 mol % Si alloy (with 0,079 Mn and some Sn) to 25 % H2-N2 atmosphere at different dew 
points (258, 273, 298, 313, 338 and 344 K) at 1123 K for 300 sec mostly SiO2 was found on 
the surface for the lowest dew points [Ya02]. With increased dew point Mn-Si oxides were 
also detected in the layer of SiO2 while at higher dew points formation of Fe2SiO4 was 
observed. Svedung and Vannerberg oxidized different Fe-Si alloys at 500, 625, 800 and 
900°C in a gas mixture of 20 v/o oxygen in argon for a long time (20 h) and showed the 
influence of Si on reduced oxidation kinetics [Sv74]. A formation of a layer of slowly 
growing SiO2 through which Fe diffuses very slowly is responsible for reduced oxidation in 
alloys with higher amounts of Si. Atkinson predicted the formation of SiO2 scales on alloys 
with more than 0,05 atom fraction of Si in bulk [At82]. Not only does the Si concentration in 
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the alloy determine the critical conditions for a selective oxidation but also the oxidizing 
atmosphere. Investigating the relationship between decarburization and internal oxidation 
behaviour of Fe-6 mol % Si at 1060-1172 K, Block and Jayarman showed that the transition 
from external to internal oxidation occurs at a H2O/H2 ratio of about 0.02 [Bl86]. During 
oxidation of Fe - 1,5 % Si alloy in air at 1073 K a multilayer scale was observed after 50,4 ks, 
consisting of outer Fe2O3 (including Fe3O4), a Si-rich oxide SiO2 + Fe2SiO4 below and Si - 
oxide in the internal oxidation zone [Fu01]. In the same work the influence of water content 
in air was investigated and it was found that with increasing H2O content corrosion increased 
rapidly. 
 
Alumina (Al2O3) provides a corrosion protection layer on alloys at temperatures higher than 
1000°C. At these temperatures a stable, slowly growing α-Al2O3 is obtained. The complexity 
of Al oxides can be understood by the following mechanism of formation: at lower 
temperatures the metastable oxides like θ-Al2O3 and γ- Al2O3 form and at 1000°C, after 
longer times, or at higher temperatures after shorter times, a transition to stable α-Al2O3 
occurs. It was found that the growth of metastable oxides occurs by outward transport of 
aluminium ions through the scale [Gr89] while grain-boundary transport of oxygen is the rate 
determing process for growth of α-Al2O3 [Pr92]. The importance of understanding the 
oxidation of alumina forming alloys was increased with the development of protective 
coatings. Grabke et al. investigated the oxidation behaviour of Fe-Al alloys with different Al 
concentrations in helium with 1vol. % O2, in the temperature range between 800°C and 
1100°C, and the transition from external to internal oxidation in H2/H2O mixtures at very low 
partial pressure (not allowing iron oxide growth) [Gra96]. At 800°C and 850°C no α-Al2O3 
but θ-Al2O3 scale was found while, at higher temperatures, a transformation of initially 
formed fast growing, metastable θ-Al2O3 to stable, slow growing oxide of α-Al2O3 was 
detected at the end of oxidation (312 h). Only at 900°C in samples with less than 10 at. % Al 
internal oxidation was found. At higher temperatures, 1000 and 1100°C, in samples with only 
5 at. % Al a complete external layer of Al oxide was formed. The oxide morphology was 
found to differ with temperature, as well. At 900°C typical whisker morphology of θ-Al2O3 
was obtained while at higher temperatures a network of oxide ridges corresponding to α-
Al2O3 was found. 
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3 Theoretical Background 
 
3.1 Thermodynamics of oxidation 
 
 
3.1.1 Oxidation of metals 
 
 
According to Gibbs every phase has a limited region of existence with respect to composition, 
temperature and pressure. In high temperature oxidation usually temperature and total 
pressure are constant and the driving force for the oxidation reaction is the Gibbs free energy 
(in German literature also denoted as Gibbs free enthalpy) G, described for isothermal-
isobaric transition by the following equation in integral relation: 
 
∆G = ∆H - T∆S (3.1) 
 
∆G: Gibbs free energy change [J/mol] 
∆H: Enthalpy change [J/mol] 
∆S: Entropy change [J/K·mol] 
 
For the oxidation of metal with molecular oxygen: 
 
yx2 OMeO2
yxMe ⇔+  (3.2) 
 
The mass reaction law can be written as: 
 
y/2
O
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a
K
2
yx
⋅=  (3.3) 
 
K: Equilibrium constant (at constant T) 
yxOMe
a : Activity of metal oxide 
x
Mea : Activity of metal 
2O
p : Partial pressure of oxygen 
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For a chemical reaction the Gibbs free energy change is given by: 
 
G∆R  = 
o
RG∆  + RTlnK (3.4) 
 
where is oRG∆  standard Gibbs free energy of formation [J/mol] at 273 K and 1 bar. 
 
The value of Gibbs free energy of formation, ∆RG, gives information about the reaction 
direction. When the reaction is in equilibrium the value of ∆RG is zero, when ∆RG < 0 the 
reaction occurs in direction of the products and when ∆RG > 0 the reaction will occur in 
opposite direction. In equilibrium, when ∆RG = 0: 
 
o
RG∆  = - RTlnK (3.5) 
 
Taking into account that the activities of pure, condensed phases are one and replacing of 
reaction (3.3) in (3.5) the following equation is obtained: 
 
( )y/2OoR 2plnRTG∆ ⋅=  (3.6) 
 
A plot of the standard Gibbs free energy of formation, o∆G , versus temperature for the 
oxides is given by Ellingham-Richardson diagram (Fig. 3.1). 
 
The standard Gibbs free energy of formation is also given as a difference between the sum of 
the free standard energies of the formed products and the reacting species: 
 
o
ireact.,
i
i
o
iprod.,
i
i
o
R ∆Gν∆GνG∆ ∑∑ −=  (3.7) 
 
νi: stoichiometric coefficients. 
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Fig. 3.1: Standard Gibbs energy of formation of selected oxides as a function of temperature 
[after Bi83]. 
 
The equilibrium partial pressure of oxygen for the formation of MexOy may be directly 
obtained from the diagram by drawing a straight line from the origin marked O through the 
free energy line at the temperature of interest and reading the oxygen pressure from its 
intersection with the scale at the right side labelled pO2 (as shown for SiO2 formation). In the 
same way, by drawing the lines from H and C the values of H2/H2O and CO/CO2 can be found. 
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The Gibbs free energies for oxidation reactions calculated for elements of interest at 820°C 
are presented in Table 3.1. 
 
Table 3.1: The Gibbs free energies calculated (by using HSC Program of Outokumpu 
Research, Finland [Out94]) for the reactions of oxidation at 820°C: 
 
Reaction Gibbs free energyHSC Program (kJ/mol) at 820°C 
2Mn + O2 = 2MnO -609,8 
4/3Al+O2 = 2/3Al2O3 -886,2 
Si + O2 = SiO2 -713,8 
4/3Cr + O2 = 2/3Cr2O3 -568,2 
4/3B + O2 = 2/3B2O3 -656,8 
Ti + O2 =TiO2 -745,9 
3Mn + 2P + 4O2 = Mn3(PO4)2 -2289,6 
Fe + 1/2Si + O2 = 1/2Fe2SiO4 -1745,5 
 
 
 
3.1.2 Gas phase equilibria 
 
 
A typical atmosphere used during the annealing of cold-rolled steel sheets is H2-N2-H2O. The 
thermodynamic activity of oxygen is defined by the dissociation equilibrium of H2O, which is 
established even at rather low temperatures, and this oxygen appears as the major oxidizing 
agent during the annealing: 
 
H2O = H2 + ½ O2 (3.8) 
 
The mass action law for this equation is: 
 
OH
OH
p
pp
K
2
22
5.0
1
⋅=  (3.9) 
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The equilibrium constant can be obtained, according to Eq. (3.5) from: 
 
1
o RTlnK∆G −=  (3.10) 
 
The partial pressure of H2O in a gas is usually described by using the dew point temperature 
(DP in °C). The dew point temperature of a gas with a certain pH2O is the temperature at 
which a gas is saturated in equilibrium with water. By cooling a gas below this temperature 
the water gas condenses. The relationship between OH2p  and DP is according to [Gra94]: 
 
B)pln(100
A273DP
OH2
−⋅−−=  (3.11) 
 
DP: Dew point temperature in °C 
PH2O: Partial pressure of water in bar 
A, B: Constants 
 
-30°C ≤ DP ≤ 0°C: A = 6128; B = 21,94 (over ice) 
0°C ≤ DP ≤ 20°C: A = 5361; B = 19,13 (over water) 
 
In Fig. 3.2 values of log p(H2O)/p(H2) as a function of temperature for different oxidation 
reactions of metals (Al, Si, Cr, Ti, Mn, Fe) are plotted. Straight lines in Figure 3.2 correspond 
to log p(H2O)/p(H2) at DP = -30°C, at 820°C, for different gas atmospheres (5, 10 and 15 vol. % 
H2). It can be seen that only Fe-oxides can be reduced under these conditions. 
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Fig. 3.2: Influence of temperature on log p(H2O)/p(H2) ratio for different oxides. 
The change of the partial pressure of oxygen with dew point, at constant temperature of 
820°C, is presented in Fig. 3.3. The oxygen partial pressure decreases with increasing partial 
pressure of hydrogen, due to the decreased p(H2O)/p(H2) ratio. For all three atmospheres (5, 
10 and 15 vol. % H2) the tendency of increasing p(H2O)/p(H2) with increasing dew point is 
the same. Even at lower dew points (-60°C) and in the gas with higher H2 content (15 vol. %) 
the partial pressure of oxygen in atmosphere is high enough to oxidize Mn, Si, Al and Ti at 
820°C. 
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Fig. 3.3: Dependence of dew point on the p(H2O)/p(H2)  
ratio. 
 
 
 
3.2 Kinetics of oxidation 
 
 
The stability of oxides is thermodynamically determined by the oxygen pressure and the 
Gibbs free energy of formation. The kinetics of oxidation can be divided into the following 
steps: 
 
▪ Gas transport through the boundary layer to the sample surface 
▪ Surface reaction 
▪ Oxide nucleation and growth 
▪ Solid state diffusion controlled oxide layer growth 
 
The first two steps are the initial stages of oxidation. The processes that control the early 
stages of oxidation are the transport of the oxidizing agent and the surface reaction on a metal 
surface or a thin oxide film. These processes are independent of the oxide scale thickness and 
here the linear law applies (Fig. 3.4 (I)): 
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tk
A
∆m
l ⋅=⎟⎠
⎞⎜⎝
⎛  (3.12) 
∆m : Mass change per area A of the surface 
t: Time 
A: Surface area 
kl: Linear rate constant 
 
With time, oxide nuclei form on a metal surface, as shown in Fig. 3.5. Subsequently, an oxide 
film is formed on the surface and the kinetics of oxidation is controlled by diffusion in the 
layer, with a parabolic behaviour (Fig. 3.4 (III)). The differential form of the parabolic rate 
equation is: 
 
t⋅=⎟⎠
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⎛ ∆
p
2
k
A
m  (3.13) 
 
kp: Parabolic oxide rate constant 
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Fig. 3.4: Change of the oxide scale thickness with time (T = const): I) linear range, II) 
transition range, III) diffusion, i. e. parabolic range. 
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Thickness of the oxide scale can be converted into mass if the density of oxide scale is known 
and constant. A problem which may arise is the presence of pores in oxide scale thus 
influencing strongly the oxide density. 
Metal surface
Surface DiffusionNucleus Nucleus
Adsorption-Desorption
Vapor Phase
Capture Capture
 
Fig. 3.5: Schematic model for the nucleation and growth of oxide on a metal surface. The 
oxide grows laterally until the surface is covered with a thin oxide film [after Kof88]. 
 
 
The fundamental theoretical work on parabolic oxide scale growth was done by Carl Wagner 
[Wa33]. In his theory the following assumptions were made: 
 
1. The formed oxide scale is dense, well adhered to a metal surface and non-porous 
2. Oxygen has only limited solubility in a metal 
3. There are no space charge effects in the oxide at the metal/oxide and oxide/gas 
interface 
4. At each place local thermodynamic equilibrium is established. 
 
 
The basic assumption of the theory is that lattice diffusion of cations and/or anions associated 
with the transport of electrons through the dense scale are rate determining in the overall 
oxidation reaction. These migration processes are shown schematically in Fig. 3.6. 
 
 
3.2 Kinetics of oxidation 27 
OXIDE
Metal
ions
Oxygen
ions
Electrons
METAL OXIDANT GAS
e.g. O2
(a)  
OXIDE
Interst.Metal
ions
Metal
vacancies
Electrons
METAL OXIDANT GAS
e.g. O2
(b)
Electron
holes
 
Fig. 3.6: (a) Transport processes through a dense, single-phase scale growing by lattice 
diffusion. Transport of reacting atoms or ions or of electrons is rate determing. The overall 
reaction follows a parabolic rate dx/dt = k’p/x. (b) Transport processes in growing scale in 
terms of lattice and electronic defects, e.g. of metal vacancies and interstitial ions and 
electrons and electron holes [after Kof88]. 
 
 
The outward diffusion of cations and the inward diffusion of anions are responsible for the 
oxide growth and which of these two processes, the outward or the inward diffusion, is rate 
determining, depends on the mobility of migrating ions in the system. The “driving force” for 
diffusion of ions is defined by a gradient of their chemical potential. A gradient of partial 
pressure of oxygen exists across the scale, from the partial pressure of oxygen in the ambient 
atmosphere at the outer oxide surface, to the partial pressure of oxygen at the metal/oxide 
interface and the growth of the scale is parabolic with time for such a reaction mechanism. 
The most important outcome of Wagner’s analysis is the possibility to obtain complete 
information about the mechanism of the process, using the dependence of anion and cation 
conductivities on oxygen partial pressure and the dependence of diffusivities on oxygen 
partial pressure [Bi83]. 
 
A great number of investigations have been performed on oxidation of pure metals and it was 
shown that some oxides grow by oxygen diffusion inwards (SiO2, Al2O3 and Cr2O3 in the 
most cases) and some by cation diffusion outwards (ZnO, MnO, FeO, Fe3O4, NiO, CoO). 
 
For the growth of several oxides grain boundary diffusion is the most important. The grain 
boundaries, dislocations and interconnected porosity within the oxide are fast diffusion 
3 Theoretical background 28 
pathways. Activation energy for the diffusion at the grain boundaries is about half of the value 
of the activation energy for diffusion in grains. 
 
 
 
3.3 Selective oxidation 
 
 
Selective oxidation is generally known as the preferred oxidation of the less noble elements in 
an alloy, based on the high thermodynamic stability of their oxides like Cr2O3, Al2O3 and 
SiO2. Internal oxidation presents a special case of selective oxidation when oxygen diffuses into an 
alloy and causes sub-surface precipitation of the oxides of one or more alloying elements. Wagner 
classified alloys as either: a) noble parent with base alloying elements or b) base parents with 
base alloying elements [Wa59]. 
 
The internal oxide formation can be represented by the reaction: 
 
B+νO=BOν (3.14) 
 
the necessary conditions for internal oxidation to occur are: 
 
1) oR G∆  per mole O2 of formation for the solute metal oxide BOν must be more 
negative than ∆Gθ of formation for the base metal oxide 
2) oR G∆
 for the reaction (3.14) must be negative. The required activity of dissolved 
oxygen at the reaction front must be accomplished through a sufficient oxygen 
solubility and diffusivity in the base metal. 
3) The solute concentration in the alloy must be lower than the one required for the 
transition from internal to external oxidation. 
4) The dissolution of oxygen into the alloy, must not be prevented by a surface layer. 
 
The depth of internal oxidation zone penetration ξ  (in alloy A-B where B is a dilute solute 
which forms a very stable oxide) is according to Wagner:  
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where: (S)oN  is the oxygen solubility in A (atom fraction), ν is the stoichiometry parameter of 
the oxide, oD  is diffusivity of oxygen in A and 
(o)
BN  is the initial solute concentration, t is 
time. Equation (3.15) indicates an inverse relationship between the zone thickness and the 
square root of the solute concentration. The consequence of this is that if the surface oxygen 
solubility and oxygen diffusivity are independent of the solute concentration (this is very 
likely for dilute solutions), the type of solute should not play a role or: a given amount of 
solute should produce the same thickness of the internal-oxidation zone [Do95]. The validity 
of this relationship is confirmed by the work of Stott et al. who investigated various diluted 
nickel alloys (Ni-Al, Ni-Cr, Ni-Mn, Ni-Mo, Ni-V and Ni-W). They found the same thickness 
of internal zone, for a particular solute concentration, in all cases, with an exception of Ni-Al 
alloy where the zone was thicker. The authors attributed this to the formation of rodlike 
precipitates of Al2O3 which were perpendicular to the alloy surface [St84]. 
 
For the oxide BOν, which formation is presented by Eq (3.14), can be written: 
 
BOν = Bz+ + νOz- (3.16) 
 
Where z+ and z- are positive and negative charge of cation and anion respectively. For the 
equilibrium in Eq. (3.16), where the activity of metal oxide, BOν, as a separate phase, can be 
considered to be one, the equilibrium constant, i. e solubility product is: 
 
Ks = ( )[ ] ( )[ ] /RT∆Gνzz expOaBa θ−−+ =⋅  (3.17) 
 
The real activity of the metal soluted in iron matrix responds to the concentration of the metal 
in the binary Fe-M system. Considering this system as a diluted ideal solution the activity can 
be approximated to be equal to the concentration of ions (in mole fractions): 
 
Ks = ( )[ ] ( )[ ]νzz OcBc −+ ⋅  (3.18) 
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In the technical alloys the situation is somewhat more complicated since they are far away 
from being an ideal binary system and the presence of other alloying elements influences the 
activity of each metal. The solubility products, at 810°C, at dew point –45°C, for some oxides 
have been calculated by Drillet et al. and have the following values [Dr01]: Ks (MnO) = 8.9·10-8, Ks 
(Al2O3) = 5.64·10-8, Ks (SiO2) = 4.75·10-17 and Ks (Mn2SiO4) = 1.9·10-33. In the same work, an 
investigation of the selective oxidation of IF TiNb steel at dew point –45°C at 810°C, it was 
found that no MnO formed on the surface. Although expected according to a Mn/Si ratio 
which was higher than 4, the Mn concentration in alloy was not high enough, for a given 
oxygen concentration, to reach the solubility product of MnO. 
 
In Fig. 3.7a the case of selective internal oxidation of B in the binary alloy A-B is presented. 
Here oxygen diffuses through the surface of the alloy into the bulk volume, reacting with B 
and precipitating oxide BxOy (Fig. 3.7a). This precipitation takes place when the solubility 
product is exceeded under the following conditions: 
 
BBOO DcDc ⋅〉〉⋅  (3.19) 
 
where Oc  and Bc  are the oxygen and solute B concentrations in alloy (mol·m
-3), OD and BD  
are the oxygen and solute B diffusivities (cm2·s-1), represents this special case. This indicates 
that the product of oxygen concentration and diffusivity has to be higher than the one for 
element B. 
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Fig. 3.7a: Internal oxidation: Precipitation of 
BxOy in alloy, close to the surface. 
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Fig. 3.7b: External oxidation: Precipitation 
of BxOy on alloy surface [After Ma95]. 
 
 
In contrast, Fig. 3.7b represents the case of external scale formation by externally oxidized B. 
If the concentration of B is high enough and the outward diffusion of B occurs contrary to the 
oxygen diffusion inwards, the enrichment of formed BxOy oxides, just below the surface 
occurs. This decreases the oxygen diffusion into alloy and an outer oxide layer forms. This 
can be quantified as: 
 
BBOO DcDc ⋅〈〈⋅  (3.20) 
 
This condition can be presented (similar to Eq. 3.20) as: DoNo(S) <<DBNB(O) and means that the 
oxygen permeation is much less than that of solute B. Wagner came to conclusion that when 
the volume fraction of oxide, g = f (Vox/Vm), where Vm is the molar volume of the solvent 
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metal or alloy, reaches a critical value, g*, the transition from internal to external scale 
formation should occur. According to that the criterion for external oxidation is: 
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*
(0)
B VD
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2ν
gπN  (3.21) 
 
where OD  is the coefficient of oxygen diffusion in iron: 
 
⎟⎠
⎞⎜⎝
⎛ −=
RT
Q
expDD O0OO  (3.22) 
 
and DB is the coefficient of B diffusion in iron: 
 
⎟⎠
⎞⎜⎝
⎛ −⋅=
RT
QexpDD B0BB  (3.23) 
 
QO and QB [J·mol-1]: Activation energies for oxygen and solute B diffusion respectively 
R [J K-1 mol-1]: Universal gas constant, R = 8,3144 J K-1 mol-1 
T [K]: Temperature 
0
OD and 
0
BD : Pre-exponential factors, independent from the temperature. 
 
Diffusion coefficients for oxygen and solute in the matrix and their molar volumes have been 
calculated from experimental data [Ahr01, Mat92] and are presented in Table 1 (Appendix). 
 
By investigating Ag-In alloys Rapp found that the critical volume fraction, g* in Eq. 3.21, is 
0.3 [Ra65] and that the critical bulk concentration of B for the transition between: (i) exclusive 
internal oxidation by forming BO precipitates in alloy and (ii) both internal oxidation and 
external scale formation can be expressed as: 
 
)(3.0),( 2/1γϕ
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V
ViiiN
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B =  (3.24) 
 
where: 
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VAB: Atomic volume of the alloy 
VBOν: Molecular volume of the oxide 
ϕ: Ratio DO/DAB (DAB is the interdiffusion coefficient in the alloy) 
γ: Function of DO 
 
Wagner demonstrated that if the concentration of B in the bulk exceeds the critical value the 
supersaturating conditions for internal oxidation are not met. This can be explained by 
assuming chemical equilibrium at the alloy/scale interface. If the (0)BN  increases, 
(S)
oN at the 
interface decreases such that when (0)BN  exceeds the critical value, hence the solubility 
product in the alloy (away from the surface) is not reached. 
 
 
More important practical cases are followed by oxidation of both alloying elements. An outer 
layer of AvOw oxide can be formed and below this, very close to the metal surface, an internal 
oxidation zone of BxOy in the matrix, Fig. 3.8a. This happens when the concentration of 
alloying element B, (o)BN , is small and/or its diffusion coefficient, DB, in the alloy low. If the 
concentration of B or its diffusion coefficient in alloy is higher, an accumulation of BxOy 
occurs below the outer AvOw oxide layer, thus inhibiting oxygen diffusion and hindering a 
further internal oxidation. This leads to reduced outer formation of AvOw since the outward 
diffusion of A, from the alloy, is impeded (Fig. 3.8b). Maak analysed a situation where (o)BN  
is too low for a continuous scale of BO to be formed and found that an internal oxidation zone 
of BxOy precipitates can be formed beneath an external scale of predominantly AvOw 
[Maak61]. 
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Fig. 3.8a: External oxidation of AvOw with 
internally oxidized BxOy below. 
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Fig. 3.8b: First external oxidation of A and 
than growth of AvOw through internally 
oxidized BxOy [after Ma95]. 
 
 
In addition to the simple cases, described above, Fortunier et al. suggested a model for the 
internal oxidation of several elements [Fo95] by using a finite element model [Zi77]. The 
model was developed taking into account that the total molar fractions of elements are the 
sum of the molar fraction dissolved in the matrix and the molar fraction enclosed in a 
precipitate phase. Then the conservation of atoms of each element can be expressed as: 
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F p =+= ∑
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 (3.25) 
 
where: 
 
Ne: The number of alloying elements (E1, E2,…, ENe, noted with index i) 
T
iF : Total molar or mass fraction of element 
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D
iF : The molar or mass fraction of element dissolved in matrix 
αF : The molar or mass fraction of precipitate P
α (Np precipitate phases: P1, P2,…, PNp, 
noted with index α) 
Mi: The atomic mass of element Ei if mass fractions are used and as unity if molar 
fractions are used 
Mα: The molecular mass of precipitate Pα if mass fractions are used and as unity if molar 
fractions are used (Fα/Mα always represents the molar fractions). 
 
The assumptions are: the flux of element Ei in the matrix is simply proportional to the 
gradient of its activity (disregarding the effect of the gradient of activities of other elements 
and also that of the gradient of temperature); local thermodynamic equilibrium is achieved at 
all locations and all times: DiF  ≡ eDiF  (i = 1, 2,...,Ne), αF  ≡ eFα  (α = 1,2,…,Np). 
 
The number of elements determines the number of diffusion equations and also the number of 
boundary conditions. For each element any of three boundary conditions for diffusion 
problems can be adopted: fixed activity, fixed flux or a relation between the two through 
some specified transfer coefficient. The further development of this model was done by Huin 
et al. [Hu97, Hu04] and can be applied on non-isothermal conditions and precipitation of 
mixed oxides (these two were the limitations of the model of Fortunier et al.). The good 
agreement of this model with experimental results was confirmed for the selective oxidation 
of the alloy with 0.12 wt % Si and 1.25 wt % Mn (annealed at 800° for 40 sec in 5 vol. % H2-
N2 at dew point 0°C and –45°C [Hu04]). 
 
 
Generally, the factors that increase the outward flux of solute B in the material like presence 
of more grain boundaries (cold-working the alloy) and those which decrease the inward flux 
of oxygen (lower 
2O
p ) make the transition to external oxidation at lower solute concentrations 
possible. The presence of a third element with an affinity to oxygen between that of the base 
metal and the solute may decrease the critical solute concentration for external scale 
formation. This can be understood as follows: the added element oxidizes, decreasing the 
inward flux of oxygen and enabling diffusion of solute outwards to the alloy surface, before 
being oxidized internally. 
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Mataigne et al. investigated selective oxidation of Fe-Si binary alloys using Wagner’s model 
[Mat92]. Internal and external oxidation was observed on a coarse-grained Fe-3 % Si alloy 
(close to a single crystal). Wagner’s criterion was plotted, using information from the 
literature, showing the transition limit between external and internal oxidation in the H2O-5 % 
H2-95 % N2 atmosphere at 850°C, Fig. 3.9. 
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Fig. 3.9: Oxidation domains for binary Fe-Si alloys at 850°C under 5 % H2-N2 atmosphere, 
[after Mat92]. 
 
 
At lower dew point (-27°C) selective external oxidation occurred and a silica film of about 7 
nm in thickness was formed on the surface after 1 hour annealing. By increasing the H2O 
content in the annealing atmosphere (DP = +14°C) complete internal oxidation of the silicon 
was expected, but the results showed a formation of 20 µm thick internal oxidation zone 
covered by patches of purely external oxidation. Although not expected to occur according to 
Eq. (3.21), patches of 7 nm thick externally oxidized SiO2 in areas of total oxidation (fayalite) 
were observed. 
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Formation of internal/external oxides in complex TRIP steel at high temperature was 
investigated by Senk et al. [Se04]. As-cast TRIP steel was heated to 1250°C in an inert 
atmosphere and than exposed to the flowing air for 3-4 min. It was found that the SiO2 and 
Al2O3 formed in the inter-dendritic regions, near the steel surface, which were enriched in Al 
and Si, as a result of the solidification process. In areas depleted in Al and Si, formation of 
FeOn took place. Furthermore, since the temperature is higher than 1083°C the FeOn-SiO2-
Al2O3 liquid slag formed thus catalysing oxygen convection and growth of oxide scale. Upon 
cooling this slag recrystallized, resulting in formation of solid fayalite (FeOn)2SiO2 and 
wüstite FeOn. The top oxide layer consisted from magnetite and hematite. 
 
An influence of the time-temperature-courses of the surface during solidification and cooling 
and the reheating of slabs before hot rolling were investigated on silicon steels and this was 
used to explain the main difference concerning scale formation between hot strip formed by 
slab casting plus hot rolling and strip casting [Se02]. The investigated steels contained 3,25 
and 3,15 mass. % Si and 1,05 mass. % Al. After heating to 1300°C in inert atmosphere the 
cooling was performed in different atmospheres. After cooling in air, oxide layer on strip 
consisted of fayalite, wüstite and magnetite. When cooled in air internally formed Al2O3 and 
SiO2 were found and above this fayalite layer without Al. Islands of Al2O3 and FeO were 
detected above fayalite and in the direction of atmosphere, first a layer of wustite and iron 
precipitates and in contact with air wustite and hematite were detected. The presence of water 
vapour in air accelerated the scale formation at the high strip temperature. The use of inert gas 
for cooling as well as accelerated temperature decrease below 1080°C was proposed to reduce 
the strip oxidation. 
 
 
 
 
 
3.4 Segregation 
 
 
At elevated temperatures minor elements dissolved in iron tend to enrich at surfaces, grain 
boundaries and interfaces. Distribution equilibrium is established at temperatures high enough 
for the diffusion of these elements, according to: 
 
A (dissolved) ⇔  A (segregated) (3.26) 
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According to Grabke et al. the driving forces for equilibrium segregation are [Gra95]: 
 
1. free bonds at the surface are saturated by interaction with the segregated atoms A 
2. the metal surface is be covered with a layer of atoms A which has a lower surface 
energy than the initial surface 
3. the release of atoms A from the bulk solution leads to a release of elastic energy, 
especially in the case of interstitial atoms, but also of substitutional atoms larger than 
the iron atoms 
4. most nonmetal atoms become ionized upon segregation, e.g. in the segregated state 
they are negatively charged and larger than in solution. 
 
The decrease in surface energy caused by equilibrium segregation can be expressed by Gibbs’ 
law: 
 
A
A
'
Γ RT
dlna
dγ −=  (3.27) 
 
Aa : Thermodynamic activity of the segregating species A 
ΓA: Surface concentration of segregating species A (mol·cm2) 
γ’: Surface energy (J·mol-1·cm-2) 
 
It can be seen from Eq. (3.27) that in the case of segregation, when ΓA > 0, the surface energy 
decreases with increasing activity of the segregating species, and for a high activity aA a 
saturation coverage ΓAsat is approached, leading to a linear decrease of γ’ with ln a, as 
presented in Fig. 3.10. 
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γ'
ln a  
Fig. 3.10: Schematic diagram on the Gibbs equation showing the dependence of the surface 
energy on ln a. 
 
The degree of surface coverage, given by θ, can be expressed as: 
 
sat
A
A
Γ
Γθ =  (3.28) 
 
Applying the Langmuir isotherm (see [Gi93]) describing segregation to a limited number of 
sites with a constant Gibbs free energy ∆GA, which is independent of coverage, the degree of 
coverage with segregating species A is given by: 
 
A
A
A xK1
xKθ ⋅+
⋅=  (3.29) 
 
xA is the bulk concentration of the segregating species. 
 
The relationship between the rate constant K and standard Gibbs free energy of segregation, 
o
A∆G , is described as: 
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o
A∆H : Standard enthalpy of segregation 
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o
A∆S : Standard entropy of segregation 
 
By combining Eq. 3.29 and Eq. 3.30, the Langmuir-McLean equation [McL57] can be formed 
for segregation: 
 
A
o
A
o
A lnx
R
∆S
RT
∆H
θ1
θln ++−=−  (3.31) 
 
Eq.3.31 is used to derive the enthalpy and entropy of segregation of A from the measurement 
of θ at a constant bulk concentration xA of the segregated species, dependent on temperature 
(schematically presented in Fig. 3.11). 
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Fig. 3.11: Schematic diagram on the Langmuir-McLean equation, showing the dependence of 
coverage θ on the concentration of a segregating species a), and the thermodynamic 
evaluation at constant activities b), or constant coverage c) [after Gra95]. 
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From the diagram presented in Fig. 3.11a it can be concluded that with increasing the activity 
(concentration) of segregating species, and with decreasing a temperature, the surface 
concentration (coverage) increases. The segregation enthalpy is obtained from the slope of the 
straight lines, Fig. 3.11b or 3.11c. 
 
Segregation is an exothermic phenomenon and this explains the fact that surface segregation 
is favoured by a reduction in temperature, provided the temperature is in the range where 
diffusion in the solid state is sufficiently rapid. 
 
In ternary and more complex systems, the thermodynamics of segregation is more 
complicated since there is the possibility that two or more species segregate and tend to 
occupy the same sites. This phenomenon was observed, for example between C and P, and N 
and S, with site competition described by: 
 
⎟⎟⎠
⎞
⎜⎜⎝
⎛−⋅=−− RT
∆G
expx
θθ1
θ A
A
BA
A  (3.32) 
 
⎟⎟⎠
⎞
⎜⎜⎝
⎛−⋅=−− RT
∆G
expx
θθ1
θ B
B
BA
B  (3.33) 
 
The grain boundary site competition was observed between N and S atoms [Tau78, Jo81], C 
and P atoms [Erh81, Su83] and P and N atoms [Er81]. In the work of Hua et al. the grain 
boundary segregation of P, B, C and Nb in Ultra Low Carbon steel after the annealing was 
investigated [Hua98]. It was found that the presence of Nb, B and C in the alloy reduced P 
segregation on ferrite grain boundaries and that B was the most effective for replacing P, 
compared to Nb and C. 
 
Not only simultaneous segregation of non-metals but also of non-metals and alloying 
elements can occur. A process of co-segregation and formation of two-dimensional surface 
compounds occurs if strong chemical interaction between these elements exists. The process 
of co-segregation can also be described by the Langmuir-McLean equation with the 
introduction of an additional interaction energy term and assuming that there is no site 
competition: 
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where α is an interaction energy term. 
 
Principally, co-segregation is the formation of a two-dimensional surface compound, 
stabilized over a wide range of thermodynamic conditions (temperature, bulk concentration) 
by epitaxy. With increased bulk concentration three-dimensional compounds like carbides, 
nitrides, etc. become stable and precipitation is expected. A good example is boron nitride 
which can easily nucleate on the (111) face of fcc steel or CrN on (100) bcc iron surface. 
 
For binary Fe-M systems (M = Si, P, C) a number of studies on equilibrium surface 
segregation were performed on (100) oriented single crystal surface using LEED and AES 
[Vi86], [Gra75] and [Ru86] and surface segregation enthalpies were determined: oSi∆H  = -44 
kJ/mol, oC∆H  = -85 kJ/mol and 
o
P∆H  = -180 kJ/mol. From the studies on surface 
segregation kinetics the volume diffusivities are: DVC » DVSi > DVP. 
 
According to Grabke et al. the surface segregation of C, Si and P can be described by the 
following: at lower temperatures C segregates to the surface because of its high diffusivity. At 
saturation, half of a monolayer of C is present on a (100) orientated surface. Silicon atoms 
segregate to the surface as well, but due to a well known repulsive interaction between carbon 
and silicon atoms, silicon atoms will be displaced from the surface at lower T as they have a 
lower segregation enthalpy. With increasing temperature carbon atoms are desegregated into 
the bulk and the free surface is occupied by segregated Si atoms. As soon as the mobility of P 
atoms allows, P atoms diffuse to the surface and because they have a much higher segregation 
enthalpy, they displace the Si atoms from the surface. In the final stage some of the 
segregated P atoms can desegregate into the bulk and some of surface sites can be occupied 
again by Si atoms [Gra95]. 
 
In both, segregation equilibrium and in the adsorption from the gas phase, the same 
adsorption states as presented in Eq. (3.34) can be expected, if the thermodynamic activity of 
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the adsorbed atoms is the same in both cases [Bla75]. Adsorption of carbon, nitrogen and 
sulphur on (100) α-Fe single-crystal surface can be presented as in Figs. 3.12a and b. The 
carbon atoms are most probably adsorbed in interstitial sites on the surface, each embedded 
between four iron atoms. It was found that N2 is adsorbed vertically, with one nitrogen atom 
sticking in the centre site surrounded by four iron atoms. Sulphur is also adsorbed on the 
centre site, with fourfold coordination to iron atoms, but the sulphur atoms (or ions) are too 
large to be embedded between the iron atoms. This means that sulphur atoms cover the 
neighbouring iron atoms thus largely retarding the adsorption and absorption of nitrogen and 
carbon. 
 
 
Fig. 3.12a: An atomic model of the adsorption 
of carbon or nitrogen atoms (white circle) on 
(100) Fe surface (the top view). 
Fig. 3.12b: An atomic model of the 
adsorption of sulphur atoms (white circle) on 
(100) Fe surface (the top view) [after Gra80].
 
Very strong dependence of orientation on surface segregation is observed: for example, at low 
temperatures and high bulk concentrations a half monolayer of C coverage is approached on 
(100) Fe while on (110) and (111) Fe segregation was also observed but no ordered structure 
could be detected [Gra75]. The sulphur segregation was observed on all orientations of Fe 
crystal, (100), (110) and (111), but only on (100) surface could the oriented sulphur surface 
segregation structure be observed up to high temperatures (700°C). At higher T on (110) 
surfaces, S atoms are mobile [Gra77]. 
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4 Experimental 
 
4.1 Experimental set up for the annealing and oxidation experiments 
 
 
A currently used industrial continuous annealing cycle, applied on HSS (IF, DP and TRIP) 
sheets for a car industry, includes heating up to around 820°C, holding at this temperature for 
60 sec and then cooling in the same atmosphere. The annealing cycle used in the laboratory 
experiments is given in Fig. 4.1 and presents a simulation of the industrial cycle. 
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Fig. 4.1: The annealing cycle. 
 
 
Fast heating of 10°C/s was achieved using an Infrared furnace (Research Inc., Model E4). The 
radiant heating chamber consisted of four elliptical reflectors that focus an infrared energy, 
supplied by tubular quartz infrared lamps installed in the chamber (Fig. 4.2). The lamps 
reached 90 percent of full operating temperature within three seconds after a cold start and the 
radiant energy dissipated to ten percent five seconds after the power supply was disconnected. 
The temperature of the furnace was controlled using a Ni-CrNi thermocouple in contact with 
a quartz reaction tube while a Pt - PtRh thermocouple was in contact with samples. 
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Fig. 4.2: Schematic of radial heating in the IR furnace. 
 
Experiments were carried out in 5 vol. % H2 – N2 atmosphere and the gas flow was adjusted to 5 
l/min. Different amounts of H2O in the gas, defined by the  dew point temperature, were 
obtained using a mixture of 90 % oxalic acid dihydrate and 10 % oxalic acid dehydrate. 
According to Baxter and Lansing the p(H2O) pressure established with this mixture is [Ba20]: 
 
[ ]( ) [ ] 250KT 966118,053mmHgplg OAOH2 +−=  (4.1) 
 
From the Equation (4.1) the temperature of the oxalic acid mixture is defined as: 
 
[ ] ( ) 250/ppln34,94822245KT θOHOA 2 −−=  (4.2) 
 
The temperature of the mixture was controlled by using a Cryostat, which is able to work in 
range from –60 to +90°C. The oxygen content was measured using an oxygen analyser (fuel 
cell sensor) while the amount of water vapour was measured using a Trace Moisture
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 Analyser (Al2O3 sensor). A schematic of the experimental set up is shown in Fig. 4.3. Upon 
heating, samples were displaced from the heating zone and cooled in a strong flow of 5 vol. % 
H2-N2 gas (10 l/min). 
 
 
Fig. 4.3: Schematic of experimental set up. 
 
Commercial steels (Table 4.2) were annealed in the cycle (Fig. 4.1) in 5 vol. % H2-N2 atmosphere 
at different dew points: -60, -30 and 0°C, respectively. The partial pressure of oxygen was 
calculated from the known p(H2O) (dew point temperature) and p(H2) (5 vol. % H2 in the gas) 
according to the reaction (4.3). The values obtained are presented in Table 4.1: 
 
( ) ( )( ) ⎟⎠
⎞⎜⎝
⎛⋅=
2
2
r
2
1/2
Hp
OHplog
K
1Op log  (4.3) 
 
where Kr is the equilibrium constant defined by the mass action law at 820°C for the reaction:  
 
H2 + ½ O2 = H2O 
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Table 4.1: Calculated values of p(O2) at different dew points at 820°C: 
 
Dew point temperature (°C) Partial pressure of 
oxygen (bar) -60 -30 0 
p(O2) 8,41×10-28 1,06×10-24 2,72×10-22 
 
Since the preoxidation of alloys before annealing was shown to be a promising tool for 
achieving surfaces with a better wettability, the model alloys were first oxidized in air at 
700°C in the IR furnace for different times: 15, 30 and 60 sec. After preoxidation, the model 
alloys were exposed to annealing, in 5 vol. % H2-N2 at dew point –30°C, at 820°C for 60 
seconds. 
 
 
 
4.2 Materials 
 
 
4.2.1 Commercial steels 
 
 
One dual phase steel and two interstitial free steels were chosen for the investigation of a 
selective oxidation. The chemical composition of these steels, obtained by Polyvac analyse, 
are shown in Table 4.2. Prior to annealing, the steel sheets were cold rolled to 0,8 mm 
thickness and cut into 15 x 15 mm samples. 
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Table 4.2: Chemical composition [wt. %] of commercial steels used for the investigation: 
 
 
Composition of elements in wt. % 
 
Alloying 
element Ti IF DP 500 TiNb-IF  
C 0,0026 0,073 0,0026 
Si 0,01 0,10 0,012 
Mn 0,080 1,52 0,37 
Ti 0,081 0,027 0,024 
Cr 0,017 0,48 0,016 
Al 0,052 0,054 0,036 
P 0,006 0,017 0,043 
S 0,008 0,0016 0,007 
Ni 0,019 0,023 0,015 
N 0,0028 0,0059 0,003 
Cu 0,014 0,018 0,025 
Nb 0,001 0,006 0,021 
B 0,0001 0,0032 0,0011 
Mo 0,003 0,007 0,005 
V 0,004 0,004 0,004 
 
The microstructure of the samples before and after annealing at 820°C for 60 s in 5 vol. % H2-
N2 at dew point -30°C, is shown in Figs. 4.4a, b – 4.8a, b. The polished samples were etched 
with nital solution (1 % HNO3). 
 
Fig. 4.4a: Microstructure of DP 500 steel 
before annealing. 
Fig. 4.4b: Microstructure of DP 500 steel 
after annealing. 
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Fig. 4.5a: Microstructure of Ti-IF steel before 
annealing. 
Fig. 4.5b: Microstructure of Ti-IF steel after 
annealing. 
Fig. 4.6a: Microstructure of TiNb-IF steel 
before annealing. 
Fig. 4.6b: Microstructure of TiNb-IF steel 
after annealing. 
 
The microstructure of the dual phase steel consists of two phases, a soft ferrite and a hard 
austenite/martensite, with the transformation of austenite to martensite occuring during 
cooling. Ti-IF and TiNb-IF alloys are one phase, ferritic steels. The average grain size of the 
samples measured after annealing is given in Table 4.3. 
 
Table 4.3: Grain size [µm]of the commercial steels after annealing: 
 
Steel 
Average grain size after annealing (µm) 
DP 500 Ti-IF TiNb-IF 
~ 8 ~ 20 ~ 11 
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Before the annealing experiments the samples were degreased in a weak alkali solution and 
cleaned by acetone in an ultrasonic bath for 15 min. No grinding or polishing was performed 
on the commercial steels. 
 
 
 
4.2.2 Model alloys 
 
 
During the annealing of commercial steels numerous complex oxidizing processes were 
observed. Use of preoxidation of alloys before annealing was shown to be a successful way to 
overcome the problems of wetting. It is expected that the Fe - oxides formed during the 
oxidation are reduced to metallic iron during the annealing in H2-N2 atmosphere. Metallic iron 
shows a very good wettability by liquid Zn. During the oxidation not only Fe-oxides are 
formed but also Fe-M – oxides (M = Al, Si, Mn, Cr etc) which are partially reducible in the 
annealing cycle. For better understanding of these processes additional preoxidation/reduction 
trials were performed on model alloys. 
 
For the preoxidation and annealing experiments, sets of different Fe-Si, Fe-Mn and Fe-Al 
alloys, made in the workshop of Max-Planck Institut für Eisenforschung, were used (Tables 
4.4-4.6). The alloys had been vacuum melted from electrolytic Fe and electrolytic Si, Mn and 
Al. After hot rolling to ~ 1-1,5 mm thick sheets, samples were cut into 10x10 mm pieces and 
then ground with 240, 400, 600 and 1000 SiC grit paper. Polishing was done with 1 µm 
diamond paste. For the final cleaning, the samples were immersed for 15 min in an ultrasonic 
bath with acetone. 
 
 
Table 4.4: Chemical composition [wt. %] of the Fe–Si model alloys used in the investigation: 
 
Concentration of elements in wt. % Alloy 
Si C 
Fe-1 % Si 0,94 0,0116 
Fe-1,5 % Si 1,46 0,0066 
Fe-3 % Si 2,86 0,0041 
Fe-5 % Si 4,93 0,0072 
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Table 4.5: Chemical composition [wt. %] of the Fe–Mn model alloys used in the investigation: 
 
Concentration of elements in wt. % Alloy 
Mn C 
Fe-0,3 % Mn 0,49 0,0084 
Fe-1 % Mn 1,17 0,0090 
Fe-3 % Mn 3,56 0,0081 
Fe-5 % Mn 5,15 0,0088 
 
Table 4.6: Chemical composition [wt. %] of the Fe–Al model alloys used in the investigation: 
 
Concentration of elements in wt. % Alloy 
Al C 
Fe-0,1 % Al 0,10 0,0096 
Fe-1 % Al 0,97 0,0055 
Fe-3 % Al 3,03 0,0063 
Fe-5 % Al 4,93 0,0080 
 
 
 
4.3 Experimental methods 
 
 
After the exposure tests, the size, shape and distribution of oxides formed on the surfaces 
were investigated using Field Emission-Scanning Electron Microscope. The chemistry of 
oxides was obtained by using Energy Dispersive X-Ray (EDX) analysis and in order to get 
more information about the surface chemistry, i. e. to investigate the segregation of elements, 
Photo-Electron Spectroscopy (XPS) was also applied. On some samples AES measurements 
were carried out to get more information about the surface chemistry. TEM analysis was 
applied to detect internally formed oxides and those at the grain boundaries. To get a more 
detailed view on the oxide phases formed on model alloys X-ray synchrotron was used. Some 
basic description these various techniques is given in following sections. 
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4.3.1 Field Emission Scanning Electron Microscope (FE-SEM) with EDX 
 
 
Scanning electron microscope is a high resolution imaging technique which is based on the 
focusing of a very fine beam of electrons with energies up to 40 keV onto the surface of a 
specimen and scanning of the beam across it in a “raster” or pattern of parallel lines. Under 
electron impact a number of phenomena occur at the surface but most important for the 
microscope are the emission of secondary electrons with energies of a few tens of eV and re-
emission or reflection of the high energy backscattered electrons from the primary beam. The 
signals that provide the greatest amount of information in SEM are the secondary electrons, 
backscattered electrons and X-rays. The intensity of these electrons is very sensitive to the 
angle at which the electron beam strikes the surface, i. e. to topographical features on the 
specimen. The LEO 1550 Variable Pressure FE-SEM microscope fitted with SE, InLens and 
QBSD detectors was used in our investigations. The SE (secondary electron) detector is used 
for the detection of emitted specimen electrons ejected from the sample by the primary 
(beam) electrons. This is an inelastic scattering process. An InLens detector is also used for 
secondary electrons but it is placed behind the lens  
and beam spot is much more focused than with SE detector, allowing a detection of the details 
on the surface which can not be observed by other detectors. The electrons deflected by a 
scattering process through an angle >90° relative to the incident direction, propagate back 
through the specimen surface which they entered. This process is called backscattering and 
backscattered electrons provide an imaging signal that is atomic number dependent. 
 
The advantage of the field emission SEM compared to a classical SEM is the use of a 
Schottky Field Emission cathode, usually from tungsten rod, with a very sharp one end. When 
the cathode is held at negative potential relative to the anode, the electric field at the tip is so 
strong that the potential barrier for the electrons becomes very narrow and is reduced in 
height. Electrons now can “tunnel” directly through the barrier and leave the cathode without 
needing any thermal energy. The FE-SEM used has a Gemini column which is designed in 
such way that it combines an electromagnetic and an electrostatic lens providing a 
homogeneous spot intensity. The schematic of VP FE-SEM is presented in Fig. 4.7. 
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Fig. 4.7: Schematic of the electron optics of LEO VP FE-SEM. 
 
The main features of LEO VP FE-SEM are: 
 
? Superb resolution without any limitations in the high vacuum mode 
(1kV = 2.5nm, 20kV = 1nm) 
? Combination of in-lens detection in high vacuum mode and patented 
SE detection in variable pressure mode 
? Simple change between high vacuum mode and variable pressure mode 
? Sample investigations without limitations: 
- non conductive and insulating samples using analytical conditions: EHT = 20kV – 30kV 
- investigations of moist samples in combination with a cooling stage 
- low kV imaging in high vacuum mode (200eV = 5nm resolution) 
? No limitations for analytical accessories (EDX, WDX) 
 
The interaction of the primary beam with atoms in the sample causes excitation of atom. 
Some electrons leave atomic shells and during the relaxation process, when ionised atoms 
return to the ground state, electromagnetic radiation (X-ray) is emitted. Depending on whether 
relaxation occurs through “jumps” of electrons from L shell to K (Kα) or from M to K (Kβ) 
etc., “characteristic X-ray radiation” is obtained. The emitted X-ray has an energy 
characteristic of the parent element, and detection and measurement of the energy permits 
elemental analysis by means of Energy Dispersive X-Ray spectroscopy. This enables qualitative 
and quantitative analysis of the selected area of the SEM image. An Oxford EDX detector is 
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attached to LEO VP 1550 FE-SEM and consists of Si(Li) crystal detector and ultra-thin 
window which makes it possible to detect light elements. All elements with atomic number 
higher than that of Be can be analysed with a typical detection limit 0.2-1 wt %. The information 
depth varies for different materials and electron beams and is in the range from 0.5-3 µm. X-
ray photons generated by inner shell ionizations in the specimen enter the detector, where 
they create electron-hole pairs in the lithium drifted silicon crystal (more about the technique 
in Joy et all. [Jo86]). Electron Backscatter Diffraction (EBSD) system joined to FE-SEM was 
used to identify the phases and the orientation of grains. 
 
 
4.3.2 X-Ray Photoelectron spectroscopy (XPS) 
 
 
XPS (acronym ESCA, Electron Spectroscopy for Chemical analysis) is a surface analytical 
technique based on detection of photoelectrons, emitted from the core levels of the surface 
atoms of the solid sample, excited by monoenergetic soft X-rays. These photons have a 
limited penetration depth in solids, 1-10 micrometers. Due to an interaction of photons with 
atoms in the surface region electrons are emitted by the photoelectric effect. The emitted 
photoelectrons have the kinetic energy:  
 
KE = hν - BE - φs (4.4) 
 
where hν is the energy of the photon, BE is the binding energy of the atomic orbital from 
which the electron originates and φs is the spectrometer work function. This binding energy is 
the energy difference between the initial and final states after the photoelectron has left the 
atom. Since each element has a unique set of binding energies, XPS can be used to identify 
and determine the concentration of the elements in the surface. Variations in the elemental 
binding energies (the chemical shifts) can be used to identify the chemical state of the 
elements. Schematically the process of photoelectron formation is shown in Fig. 4.8. A 
QUANTUM 2000 XPS with α-Al monochromatic radiation was used in the investigation. 
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Fig. 4.8: The XPS emission process [after Mo92]. 
 
 
The ejected electrons are detected by an electron spectrometer according to their kinetic 
energy (for more about XPS technique see Briggs and Seah [Br83]). 
 
 
4.3.3 Auger Electron Spectroscopy (AES) 
 
 
In AES the incident electron beam ionises core levels to initiate the Auger process. The 
principle of the technique is that the sample is bombarded by an electron beam of 1-10 keV 
energy causing core electrons to be ejected from a level Ex in the atoms (in a region of the 
sample up to 1µm). The core hole is then filled by an internal process in the atom whereby an 
electron from a level Ey falls into the core hole with the energy balance taken by a third 
electron from a level Ez [Br83]. This last electron is then ejected from the atom with an 
energy Ea, given by: 
 
Ea = Ez + Ey – Ex (4.5) 
 
The electrons have energies characteristic for the originating elements and if the energy 
spectrum from 0 to 2 keV is measured, the Auger electron peaks allow all the elements, 
except hydrogen and helium to be detected. Auger measurements were performed using a 
Physical Electronics 690 Auger Microprobe. 
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Fig. 4.9: The Auger - electron emission process. 
 
 
4.3.4 Transmission Electron Microscope (TEM) 
 
 
In TEM the hairpin shaped tungsten filament is heated to 2700°C. By applying a very high 
positive potential difference between the filament and the anode, electrons are extracted from 
the electron cloud around the filament and accelerated towards the anode. Electrons, 
travelling at a speed of several hundred thousand kilometres per second emerge at the other 
side of a hole in the anode. The electron beam is, after passing through the specimen, 
projected as a magnified image of the specimen onto the fluorescent screen at the bottom of 
the column. For electrons to pass through the specimen the specimen must be very thin, 0,5 
mm or less. Our samples have been investigated with FEI Technai F20 Energy Filtering TEM. 
A high voltage (200 kV) has been used for the measurements together with analytic EDX 
equipment. 
 
 
4.3.5 ANKA Synchrotron 
 
 
The effect that an accelerated charged body emits radiation is exploited in a synchrotron. This 
process is particularly efficient for an electron because of its small mass. Electrons are 
accelerated to near-relativistic velocities around an approximately circular torus by a pulsed 
magnetic field and since they are forced in curved paths they emit light in a continuous 
spectrum. Synchrotron XRD used for analysing the investigated samples has been designed 
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and constructed by the Research centre Karlsruhe. The analytical service beamlines cover 
techniques from diffraction to spectroscopy and take advantage of the large spectral range 
from IR to hard X-rays emitted by the bending magnets. The machine is generally operated at 
2.5 GeV. An electron beam current of 180 mA with a lifetime of around 20 hours is typically 
achieved. The generation of synchrotron radiation from the ANKA storage ring takes place in 
three stages: electrons are produced in a so-called "injector" (similar to the vacuum tube of a 
conventional television) and are accelerated to moderate energy (56 keV ) in the microtron. At 
this energy the electrons are extracted into the booster synchrotron where their energy is 
"ramped" up to 500 MeV. At 500 MeV the electrons are then extracted into the main storage 
ring where they are then ramped up to their maximum energy of 2.5 GeV. 
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5 Results and discussion 
 
 
 
After annealing, the surface of high strength steels is covered with small oxide islands. These 
oxides, although small, hinder the surface wetting by liquid Zn during hot dip galvanizing. 
Selective oxidation and preoxidation plus subsequent annealing in reducing atmosphere of 
steel grades are shown to be promising tools for the improvement of surface wetting 
properties. In the following section results of annealing experiments conducted on DP 500, 
Ti-IF and TiNb-IF, and results of oxidation and reduction experiments performed on Fe-Si, 
Fe-Mn and Fe-Al model alloys are presented. For a better understanding of the oxidation 
behaviour, sets of model alloys were oxidized in air at 700°C for different times (15, 30 and 60 s) 
and then reduced in the annealing cycle at dew point –30°C for 60 seconds. 
 
During the annealing of commercial steels segregation and selective oxidation of both alloying 
metal and non metal elements (P, S, B, N, C), occur. Interaction between these elements with 
respect to their segregation and oxidation behaviour was also investigated. 
 
 
 
5.1 Commercial steels 
 
 
5.1.1 Selective oxidation and segregation on commercial steels (DP 500, Ti-IF and TiNb-IF) 
 
 
Annealing of commercial steels was performed in the simulated industrial annealing cycle 
(Fig. 4.1) in 5 vol. % H2-N2 atmosphere at different dew points: -60, -30 and 0°C. The 
calculated partial pressure of p(O2) is given in Table 4.1. The equilibrium partial pressures of 
oxygen, calculated for the reaction of oxidation of element of interest, are presented in 
Table 5.1. 
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Table 5.1: The calculated equilibrium partial pressure of oxygen (using HSC, Outocumpu 
thermodynamic data) for the reactions of oxidation of elements of interest at 820°C: 
 
Reaction Pe (O2), bar 
4/3Fe+O2=2/3Fe2O3 0,76×10-17 
2Fe+O2=2FeO 0,37×10-18 
3/2Fe+O2=1/2Fe3O4 0,55×10-18 
4/3Cr+O2=2/3Cr2O3 6,90×10-28 
2Mn+O2=2MnO 1,48×10-29 
4/3V+O2=2/3V2O3 2,38×10-30 
Si+O2=SiO2 7,51×10-35 
Ti+O2=TiO2 2,03×10-36 
4/3Al+O2=2/3Al2O3 3,87×10-43 
Mn+O2+S=MnSO4 0,13×10-15 
4/5P+O2=2/5P2O5 2,33×10-19 
3Mn+2P+4O2=Mn3(PO4)2 1,2×10-29 
4/3B+O2=2/3B2O3 0,41×10-31 
 
 
 
5.1.1.1 Dew point –60°C 
 
 
FE-SEM images of surfaces of DP 500, Ti-IF and TiNb-IF steels after annealing at dew 
point –60°C (p(H2O) = 12 ppm, p(O2) = 10-28 bar) are shown in Figs. 5.1 – 5.3. The Al2p, 
Mn2p, N1s and B1s peaks detected on different commercial steels by XPS measurements are 
presented in Figs. 5.4a-d. 
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Fig. 5.1: FE-SEM image of DP 500 surface after 
annealing at dew point –60°C for 60 sec (BN 
particles and Al oxides, some Mn and Si oxides). 
Fig. 5.2: FE-SEM image of Ti-IF surface after 
annealing at dew point –60°C for 60 sec (Mostly 
Al and Mn oxides, cubic particle is TiN). 
 
Fig. 5.3: FE-SEM image of TiNb-IF surface after annealing at dew point –60°C for 60 sec 
(mostly Al and Mn oxides and some B oxide and BN). 
 
The surface of DP 500 steel differs from the IF alloys with respect to oxide shape, amount 
and distribution. Using EDX analysis N and B are detected on the surface of DP 500 together 
with Al and some Mn and Si. Further XPS measurements confirmed the presence of mostly 
BN and some Al2O3 and MnO on the surface of the dual phase steel. 
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Fig. 5.4a: The XPS spectrum of Al2p on different commercial steels after annealing at dew 
point –60°C for 60 sec (Al2p peak at 75,62 eV corresponds to Al as Al2O3). 
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Fig. 5.4b: The XPS spectrum of Mn2p on different commercial steels after annealing at dew 
point –60°C for 60 sec (Mn2p peak at 641,51 eV correspond to Mn as MnO). 
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Fig. 5.4c: The XPS spectrum of N1s on different commercial steels after annealing at dew 
point –60°C for 60 sec (N1s peak at 398 eV corresponds to N as BN). 
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Fig. 5.4d: The XPS spectrum of B1s on different commercial steels after annealing at dew point 
–60°C for 60 sec (B1s peak at 190,5 eV corresponds to B as BN). 
 
The formation of the very stable BN occurs by two mechanisms:  
I) segregating B from the steel allows it to react with the nitrogen from the N-rich 
atmosphere, or  
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II) nucleation occurs through co-segregation of boron and nitrogen or by precipitation 
of the components from the supersaturated matrix [Gra95]. 
For the mechanism I to take place, nitrogen has to react on the surface according to: 
 
N2 = 2N (dissolved) (5.1) 
 
This reaction has a high activation energy [Gra68] and therefore it is more likely to occur at 
high temperatures. Segregation of elements like sulphur, oxygen and other surface active 
elements can retard this reaction. Hexagonal-BN can precipitate at 700-850°C by mechanism 
II if the material has dissolved N in a concentration > 1000 wt ppm and dissolved boron > 100 
wt ppm (results on austenitic stainless steel) [Stu79]. In addition, in the same work was found 
that segregated nitrogen trapped boron. In the case of the investigated DP 500 steel both mechanisms 
are possible. In addition AlN is detected on the surface by FE-SEM and confirmed by EDX 
analysis. Thermodynamically, the formation of AlN is more favourable than that of BN since 
the Gibbs free energy for the first reaction at 820°C is much more negative than that for the 
second (the values of the Gibbs free energies for the different reactions calculated with HSC 
program (Outokumpu) are given in Table 5.2). It is to be expected that the nitrogen from the 
matrix precipitates with Al rather than with B. The Gibbs free energy for CrN reaction at 
820°C is very low (Table 5.1). Investigations on the (100) surface of a Fe-15 % Cr-N single 
crystal [Ue90] showed that for N concentrations in bulk, higher than 40 wt ppm, the solid 
solution region extends from 560°C to higher temperatures and only at lower temperatures 
can precipitates of three dimensional CrN be found. The surface compound ‘CrN’ is stabilized 
at higher temperatures and at lower bulk concentrations by epitaxy on the bcc (100) plane. On 
the surface of DP 500 steel some TiN particles are also observed by FE-SEM with EDX. 
 
Table 5.2: The Gibbs free energy for nitrides formation at 820°C: 
 
Gibbs free energy HSC Program , kJ/mol (at 820°C) 
2 Al + N2 = 2 AlN 2 B + N2 = 2 BN 2 Cr + N2 = 2 CrN 2 Ti + N2 = 2 TiN 
-401,6 -295,8 -66,2 -439,4 
 
5 Results and discussion 64 
Since the nitrogen from the steel reacts with Al and Ti, forming the nitrides, the formation of 
BN on the surface of DP 500 steel occurs by mechanism I. Segregated B reacts with adsorbed 
nitrogen from the gas atmosphere. 
 
The Al2p peak obtained by XPS measurement (Fig. 5.4a) is detected at a binding energy of 
75,62 eV and corresponds to Al as Al2O3 (Al2p peak as AlN is not observed by XPS due to 
the distribution of AlN on the surface, but AlN particles were detected by FE-SEM with 
EDX). The Mn2p peak detected at 641,51 eV corresponds to Mn as MnO. Although having a 
higher amount of Al in the bulk, the Al signal (in oxidized state) is less on DP 500 than on 
TiNb-IF steel. BN formed on the surface impedes oxygen adsorption, due to the known 
“screening effect”, resulting in less surface coverage with oxides in the case of DP 500 steel. 
 
XPS depth profiles obtained on DP 500 steel are presented in Fig. 5.5. The iron profile is 
excluded from the diagrams in order to obtain a better overview of the quantitative results. 
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Fig. 5.5: XPS depth profiles of elements detected on the surface of DP 500 steel after 
annealing at dew point –60°C for 60 sec. 
 
 
The higher concentration of nitrogen compared to oxygen, and the high B concentration 
confirm the presence of BN. This explains why less Al is oxidized than in the case of the 
TiNb-IF steel. By fitting XPS peaks with CASA Software (Figs. 5.6a and b) we found that B 
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is also present as B oxide. The Gibbs free energy for B2O3 formation at 820°C has a very 
negative value, o∆G  = -656,8 kJ/mol (Table 3.1) and this reaction is thermodynamically 
highly possible. Some N as metal nitrides is also observed (~ 8 %). 
 
The partial pressure of oxygen at the dew point –60°C is high enough to oxidize Si (Table 
5.1) and the Si content in the alloy is 0,1 wt % (Table 4.2). However the XPS depth profile 
shows that the Si concentration on the surface is very small. This can be attributed to decrease 
of oxygen adsorption on the surface as the result of BN formation and subsequently prevailing 
oxidation of Al with the strongest affinity to oxygen. On the other hand Mn, which has a 
weaker affinity to oxygen than Si (Table 3.1) is present in a higher concentration on the 
surface. It should be considered that not only the concentration of elements (more Al in the 
alloy than Mn and Si, but less on the surface) and affinity toward oxygen (Si has a higher than 
Mn, but there is more Mn on the surface) define the processes during annealing. The 
phenomena of site competition, co-segregation and chemisorption induced segregation have 
to be considered as well. Before discussing the results on the segregation of non-metal 
elements the following facts concerning carbon should be mentioned: carbon can diffuse to 
the surface and can be observed as carbide or amorphous carbon, and carbon can influence the 
selective oxidation during annealing, e. g. Si and C exhibit strong site competition. Especially 
in the case of Extra Low Carbon grades with a sufficient amount of soluble carbon the carbon 
can be present on the surface. In addition there is always some amount of carbon as 
contamination from the atmosphere (this can explain the sometimes rather high concentration 
of carbon observed on the surface). 
 
The diffusion coefficients of C in the austenitic and ferritic matrix are higher than those of Si, 
and B, at 810°C [Ahr01, Mat92] and the surface segregation enthalpy for C is more negative 
than the one for Si ( oC∆H  = -85 kJ/mol, 
o
Si∆H  = -44 kJ/mol) [Gra95]. Hence, it is to be expected 
that first C segregates to the surface rejecting the Si atoms, due to a strong repulsive 
interaction between C and Si. At higher temperatures, segregation of Si should take place but 
since B has a higher diffusion coefficient than Si in both austenitic and ferritic matrix (see 
Table 1, Appendix I), and due to a strong affinity to both, oxygen and nitrogen adsorbed on 
the surface, very small B atoms diffuse firstly through the grain boundaries thus delaying the 
Si grain boundary diffusion. 
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Fig. 5.6a: XPS peak of B1s on the surface of DP 500 after annealing at dew point –60°C for 
60 sec. 
 
Fig. 5.6b: XPS peak of N1s on the surface of DP 500 after annealing at dew point –60°C for 
60 sec. 
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Obviously the formation of BN plays an important role in the surface chemistry upon 
annealing at dew point –60°C. Hence, some further kinetics investigations on DP 500 steel 
concerning the segregation of B and N have been carried out. The results are presented at the 
end of this section. 
 
 
On the surface of the Ti-IF steel the oxide particles are about 50 nm in diameter (Fig. 5.2). A 
cubic particle, detected on the surface, was found to be TiN (EDX spectrum in Fig. 5.7). TiN 
is very likely formed by the reaction of Ti and N from the matrix. This alloy has 0,052 wt. % 
Al in the bulk and XPS spectra shows a distinct Al2p peak at 75,96 eV belonging to Al as 
Al2O3, while the Mn2p peak at 641,81 eV belongs to Mn as MnO (Fig. 5.4). Although present 
in the steel, Cr could be detected neither by EDX nor by XPS. Some sulphur in ionised state 
was found on the surface (binding energy at 162,9 eV) and belongs to MnS. Detected nitrogen 
belongs to N as TiN, as shown in Figs. 5.8a and b. The depth profiles of different elements 
detected on the surface of Ti-IF steel are presented in Fig. 5.9. 
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Fig. 5.7: EDX spectrum of TiN cubic particle (Fig. 5.2) on the surface of Ti-IF after annealing 
at dew point –60°C for 60 sec. 
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Fig. 5.8a: XPS peak of N1s on the surface of Ti-IF after annealing at dew point –60°C for 60 sec. 
 
Fig. 5.8b: XPS peak of S2p on the surface of Ti-IF after annealing at dew point –60°C for 60 sec. 
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Fig. 5.9: XPS depth profiles of the elements detected on the surface of Ti-IF after annealing at 
dew point –60°C for 60 sec. 
 
 
The adsorption of N is orientation dependent and investigations done by Grabke et al. showed 
formation of c (2X2) LEED pattern on (100) Fe surface while on (110) no ordered structure 
formed. Segregated sulphur is well known to impede nitrogen and oxygen adsorption on the 
surface [Gra80]. No significant adsorption of N from the gas on the surface of Ti-IF steel was 
observed. The activity of nitrogen in the bulk is decreased by formation of TiN, influencing 
the co-segregation of Cr and N. The chemisorption induced segregation of Cr, due to a strong 
affinity to oxygen adsorbed on the surface, also did not take place. This steel has the lowest 
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concentration of Si (0,006 wt %) and weak signal is detected on the surface by XPS 
measurements. A significant amount of C exists on the surface. Si segregation is also 
orientation dependent as confirmed by an investigation on Fe-31 % Si-0,06 % Sn-0,004 % C 
alloy [Zh81] which showed that Si reaches its highest concentration on a surface oriented near 
the (111) corner, whereas C had the lowest value on this surface. 
 
 
 
Morphologically the surface of the TiNb-IF steel after annealing at dew point –60°C looks 
not much different from the Ti-IF surface (Fig. 5.3). Oxides smaller than 50 nm in diameter 
are distributed everywhere on the surface, but preferentially at the grain boundaries. These 
were identified as Al2O3 and MnO respectively by XPS (Fig. 5.4). B was also present as both 
BN and B2O3 oxide on the surface. The B1s peak at 192,54 eV belongs to B as B2O3 and 
corresponds to 57 % of overall B signal as presented in Fig. 5.10a. This is a somewhat 
different observation compared to the one obtained on DP 500 steel, where almost only BN is 
detected. This difference can be explained by the difference in the microstructure of the two 
alloys. It is known that BN grows epitaxially on (111) fcc alloys and this process would be 
expected to be favoured on the surface of the dual phase steel rather than on the bcc TiNb-IF 
steel. The N1s peak belongs mostly to N as BN (Fig. 5.10b), the TiNb-IF steel has 0,016 wt. 
% Cr in the bulk but, as on the Ti-IF steel, no Cr is detected on the surface. Although having 
less S in the bulk than in the Ti-IF, there is more S segregated on the surface of this steel. The 
segregated sulphur is found in the ionised state and a binding energy of 162,7 eV indicates the 
presence of S as MnS, Fig. 5.10c. The XPS depth profiles are given in Fig. 5.11. 
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Fig. 5.10a: XPS peak of B1s on the surface of TiNb - IF after annealing at dew point –60°C 
for 60 sec. 
 
Fig. 5.10b: XPS peak of N1s on the surface of TiNb - IF after annealing dew point –60°C for 
60 sec. 
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Fig. 5.10c: XPS peak of S2p on the surface of TiNb - IF after at dew point –60°C for 60 sec. 
 
The oxidation of sulphur occurs probably during the cooling of the sample. No Si is detected 
on the surface of TiNb-IF steel, although it is present at a higher concentration (0,012 wt. %) 
than in the Ti-IF steel. The C concentration on the surface is 5 wt. %. The absence of Si can 
be attributed to site competition between S, C and Si and to the segregation orientation 
dependence. Sulphur is known as an element that can strongly impede C adsorption and 
segregation. This fact may partially explain why less C is detected on the surface of DP 500 
compared to Ti-IF steel, but it can not explain the lack of Si detected on the surface. An 
increase of Si would be expected when C decreases. Here it is again very important to 
consider the other segregating and oxidizing non metal elements, i. e. B segregation and 
oxidation and its possible influence on Si behaviour. 
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Fig. 5.11: XPS depth profiles of elements detected on the surface of TiNb – IF after annealing 
at dew point –60°C for 60 sec. 
 
 
 
5.1.1.2 Dew point –30°C 
 
 
FE-SEM images of surfaces of DP 500, Ti-IF and TiNb-IF steels after annealing at dew 
point –30°C (p(H2O) = 380 ppm, p(O2) = 1,06×10-24 bar) for 60 sec are shown in Figs. 5.12-
5.14. Clear differences in the surface morphology and chemistry are clearly visible between 
the various investigated steels. 
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Fig. 5.12: FE-SEM image of DP 500 surface after 
annealing at dew point –30°C for 60 sec (dark 
Mn, Cr and/or Mn,B oxide and bright Si rich 
oxide). 
Fig. 5.13: FE-SEM image of Ti-IF surface 
after annealing at dew point –30°C for 60 sec 
(Mn, Si oxides and some Cr and Al oxides). 
 
Fig. 5.14: FE-SEM image of TiNb-IF surface after annealing at dew point –30°C for 60 sec 
(Mn and B rich oxides). 
 
 
XPS peaks of Al2p, Mn2p, Si2p and Cr2p, detected on the surfaces of the investigated steels, 
after annealing at dew point –30°C, are presented in Figs. 5.15a-d. 
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Fig. 5.15a: The XPS spectrum of Al2p on different steels after annealing at dew point –30°C 
for 60 sec (Al2p peak at 74,9 eV corresponds to Al as Al2O3). 
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Fig. 5.15b: The XPS spectrum of Mn2p on different steels after at dew point –30°C for 60 
sec (Mn2p peak at 642,03 eV corresponds to Mn as MnSiO3 and peak at 641,5 eV to Mn 
as MnO). 
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Fig. 5.15c: The XPS spectrum of Cr2p on different steels after annealing at dew point –30°C 
for 60 sec (Cr2p peak at 576,9 eV corresponds to Cr as Cr2O3). 
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Fig. 5.15d: The XPS spectrum of Si2p on different steels after annealing at dew point –30°C 
for 60 sec (Si2p peak at 102,1 eV corresponds to Si as SiO2 and peak at 98 eV probably to 
Si as MnSiO3). 
 
Oxides formed on the surface of DP 500 steel (Fig. 5.12) differ in both size (from 100 nm to 1 
µm in diameter) and morphology (globular, lense – like). The Al2p peak intensity decreases 
with increasing dew point, as shown by XPS in Fig. 5.15a. The peak energy still corresponds 
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to Al in Al2O3. Since Al has the highest affinity to the oxygen ( o∆G  (Al2O3)820°C = -886,234 
kJ/mol) of all the investigated elements, the decreasing amount of Al oxide present on the 
surface can be understood by the shifting of the aluminium oxidation front into the metal 
substrate, i. e. internal oxidation. With increased dew point the permeability of oxygen 
increases, and the penetrating oxygen reacts with Al atoms below the surface thus forming 
Al2O3. The activity of oxygen, below the surface, is then defined by the reaction of Al2O3 
formation and has a value below the one necessary to oxidize Mn, Si or Cr, which thus reach 
the surface and oxidize there. The intensity of the Mn2p peak on DP 500 is much higher than 
at dew point –60°C and the Mn2p peak detected at the 642,03 eV corresponds to Mn as 
MnSiO3 [Br93]. The Cr peak is at 576,9 eV (Cr2O3). 
 
Some B and N are still present on the surface as can be seen in the XPS depth profiles shown 
in Fig. 5.16. The amount of oxygen is around 30 wt. %, which almost double the value at dew 
point –60°C. The Si concentration is increased to almost 16 wt. %. 
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Fig. 5.16: XPS depth profiles of elements detected on the surface of DP 500 after annealing at 
dew point –30°C for 60 sec. 
 
A higher partial pressure of oxygen with a higher dew point causes the adsorption of oxygen 
rather than nitrogen and Mn, Si and Cr oxides are formed. A strong Si segregation on the 
surface is due to the very strong affinity towards oxygen, the Gibbs free energy for SiO2 
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formation at 820°C is –713,8 kJ/mol. Much less B is detected on the steel surface when 
compared to a dew point -60°C. 
 
 
The oxides on the surface of the Ti-IF steel observed with FE-SEM (Fig. 5.14) are much 
smaller than those observed on the other two steels. The Si and Mn concentrations in the bulk 
are lowest in this steel. The Mn2p peak is observed at 642 eV and belongs to Mn in MnSiO3 
and Si2p is found as both, SiO2 and MnSiO3. Oxidized Cr is also detected on the surface, the 
Cr2p peak is found at 577,2 eV (Cr2O3). The XPS depth profiles are shown in Fig. 5.17. 
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Fig. 5.17: XPS depth profiles of elements detected on the surface of Ti-IF steel after 
annealing at dew point –30°C for 60 sec. 
 
5.1 Commercial steels 79 
The Mn2p peak detected on the TiNb-IF steel is at a higher energy than the one 
corresponding to Mn as MnO on the DP 500 and TiNb-IF steels (Fig. 5.15b) indicating that 
Mn oxide on this steel is somewhat different. A FE-SEM image shows the difference in 
coverage of different grains with oxides as well as decorated grain boundaries. Adsorption of 
oxygen, nucleation and growth of oxides are orientation dependent and the faceting is more 
pronounced at increased dew point (Fig. 5.14). EDX qualitatively analysis of oxide particles 
yielded the results presented in Figs. 5.18a and b. The oxide particle at the grain boundary is a 
Mn and B rich oxide (Fig. 5.18a) whiles the one below this contains Al and Si (Fig. 5.19b). 
The detected B is present as oxide rather than as segregated atoms, as already confirmed on 
TiNb stabilized steels [Dr01] where the phenomenon of quasi-sudden oxidation of the surface 
due to B oxidation was also observed. Due to the boron oxidation the oxygen surface 
concentration decreases and as a consequence, the surface conditions correspond to those at 
lower dew points. 
 
From the MnO-B2O3 oxide phase diagram (Fig. 4 in Appendix I) it can be seen that a variety 
of (MnO)x·(B2O3)y oxides exist between MnO and B2O3. The annealing conditions 
(temperatures about 800°C) are close to liquid oxide mixtures. MnO and B2O3 oxides are first 
formed on the surface but due to a low melting temperature of the boron oxide diffusion of 
species easily occur leading to the formation of more stable mixed oxides. 
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a) Point 1 (Mn and B rich oxide) 
 
 
1 
2
 
 
 
b) Point 2 (Al and Si rich oxide) 
Fig. 5.18: FE-SEM image of TiNb-IF surface with EDX analysis of oxide particles, after annealing 
in 5 vol. % H2-N2 at 820°C at dew point –30°C for 60 sec: a) Mn and B rich oxide at the grain 
boundary; b) Al and Si rich oxide at the grain boundary below Mn and B rich oxide. 
 
The presence of Mn and B oxide(s) on the surface of TiNb-IF steel is confirmed by AES 
mapping, (Fig. 5.19), where brighter areas correspond to higher intensities of element. The 
process can be explained by the following: the small, easily diffusing B atoms reach the 
surface and oxidize at the grain boundaries according to the reaction:  
 
4/3 B + O2 = 2/3 B2O3 (5.2) 
 
B2O3 subsequently reacts with MnO forming a solid solution whereas the slower diffusing 
elements like Al and Si oxidize below these at grain boundaries forming a mix of Al2O3 and 
Mn2SiO4. 
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Fig. 5.19: TiNb-IF steel surface after annealing in 5 vol. % H2-N2 at 820°C at dew point –30°C 
for 60 sec, AES mapping (brighter signal corresponds to stronger intensity): Mn and B rich 
oxides are mostly detected at the grain boundaries. 
The presence of (Mn, B) oxide on the surface of TiNb-IF steel was further confirmed by 
TEM. A FIB (Focused Ion Beam) lamella containing the oxide particle was prepared. The 
size of lamella was 10,5 x 4,5 µm with a thickness of about 50 nm. The TEM bright image is 
shown in Fig. 5.20a. EFTEM (Energy Filter TEM) mapping showed the existence of both Mn 
and B in the oxide (Fig. 5.20b-e). An electron diffraction pattern (Fig. 5.20f), on the other 
side, corresponds to MnO but the absence of the strong cubic symmetry may be attributed to 
the presence of amorphous boron oxide (B2O3). Although observed in the EDX-Spectrum 
(Fig. 5.20g) Al and Si could not be detected by EFTEM mapping.  
 
The XPS depth profiles of elements on TiNb - IF, after annealing at dew point –30°C (Fig. 
5.21) show that mostly (Mn, B) oxides form, while no Cr could be detected. The Si and Al 
signals are too weak to be quantified and are excluded from the depth profiles. The existence 
of TiN is confirmed by FE-SEM with EDX. Nb could not be detected on the surface either at 
dew point –60°C or at –30°C. Segregation of Nb was found to occur on large angle grain 
boundaries and also on sub-grain boundaries [Hua98]. NbC formation in the steel is also 
possible. More C was observed on the surface of this steel at dew point –30°C (20 wt. %) than at dew 
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point –60°C, but less S. This decreased segregation of S on the surface can be explained by 
presence of Si and Al oxides, which occupy the grain boundaries and impede S diffusion. 
 
 
 
b) Fe map. 
 
c) O map. 
 
 
 
a) 
 
d) Mn map. 
 
e) B map. 
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Fig. 5.20: a) TEM image of the oxide on TiNb-IF surface, b) EFTEM mapping-Iron, c) 
EFTEM mapping-Oxygen, d) EFTEM mapping-Manganese, e) EFTEM mapping-Boron, f) 
Electron diffraction pattern of oxide, g) EDX – Spectrum (point A). 
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Fig. 5.21: XPS depth profiles of elements detected on the surface of TiNb - IF steel after 
annealing at dew point –30°C for 60 sec. 
 
The fitted XPS peak of B1s detected on the surface of TiNb-IF after annealing at dew 
point –30°C is displayed in Fig. 5.22. The presence of B in two oxidized states can be 
correlated with the existence of both (Mn, B) oxide and B2O3. 
 
 
Fig. 5.22: XPS peaks of B1s on the surface of TiNb - IF after annealing at dew point –30°C for 60 
sec (B is present in two oxidized states, one belonging to B2O3 and the other to B in (Mn, B) oxide). 
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5.1.1.3. Dew point 0°C 
 
 
FE-SEM images of DP 500, Ti-IF and TiNb-IF surfaces after annealing in the 5 vol % H2-N2 
atmosphere with dew point 0°C (p(H2O) = 5,99×103 ppm, p(O2) = 10-21 bar) are presented in 
Figs. 5.23-5.25. 
Fig. 5.23: FE-SEM image of the DP 500 steel 
surface after annealing at dew point 0°C for 60 
sec ((Fe, Mn) phosphate, some Cr and Si oxides).
Fig. 5.24: FE-SEM image of the Ti-IF steel 
surface after annealing at dew point 0°C for 60 
sec ((Fe, Mn) phosphates and some Si oxides). 
 
Fig. 5.25:FE-SEM image of the TiNb-IF steel surface after annealing at dew point 0°C 
for 60 sec (mostly (Fe, Mn) phosphates). 
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XPS spectra of Mn2p and P2p detected after annealing at dew point 0°C are given in Figs. 
5.26a and b. 
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Fig. 5.26a: XPS peaks of Mn2p on different steels annealed at dew point 0°C for 60 sec 
(Mn2p is at 641,6 eV). 
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Fig. 5.26b: XPS peaks of P2p on different steels annealed at dew point 0°C for 60 sec 
(P2p peak is at 132,8 eV). 
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The oxides formed on the DP 500 steel after annealing at dew point 0°C (Fig. 5.23) vary from 
a few tens to 200 nm in size. The strongest Mn signal is found on the surface of this alloy 
with 1,52 wt. % Mn in the bulk. Selective oxidation of P is the dominant process at dew point 
0°C and the compounds formed are (Fe, Mn) phosphates, since the P2p peak is detected at 
132,8 eV. Internal oxidation of Al and Si is expected with increased dew point. XPS depth 
profiles in Fig. 5.27 confirm that the amount of Al and Si on the surface is decreased 
compared to the values at dew point –30°C but there is still some significant Si oxidation. The 
oxidation of B, observed to be few nm in depth, decreases the oxygen permeability into alloy 
and causes the external oxidation of the slower moving Si and Cr. 
 
0
1
2
3
4
5
6
0 2 4 6 8 10 12 14 16
Depth, nm
W
ei
gh
t  
%
Al2p B1s
Cr2p N1s
P2p Si2p
Ti2p
 
 
 
0
5
10
15
20
25
30
35
40
45
0 2 4 6 8 10 12 14 16
Depth, nm
W
ei
gh
t  
%
Al2p B1s
C1s Cr2p
Mn2p N1s
O1s P2p
Si2p Ti2p
 
Fig. 5.27: XPS depth profiles of elements detected on the surface of the DP 500 steel alloy 
after annealing at 820°C at dew point 0°C for 60 sec. 
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The relationship between segregating non metal elements C, B and Si, concerning site 
competition, is not so much evident in this case since the C content on the surface is very high 
but Si is also present on the surface. The reason for this can be the high oxygen potential at 
dew point 0°C, indicating, that under these conditions oxidation processes play the 
determining role on the surface chemistry. 
 
The existence of both, high C and P (phosphate) concentrations on the surface, can be 
understood on the basis of work of Suzuki et al. [Su83]. The research found more 
phosphorous segregated at grain boundaries where more carbon segregated (on Fe-P-C alloys) 
and this is thought to result from the same grain boundary orientation dependence of 
phosphorous and carbon segregation. Indeed, it was found that the average segregation (on 
more specimens) of P decreased with increasing of carbon concentration. The dependence of 
P and C segregation observed on the investigated complex industrial dual phase and 
interstitial free steels needs some more careful investigation. 
 
 
On the Ti-IF steel very small oxides are formed, with diameters less than 100 nm (Fig. 5.24). 
On the surface of this steel no Al and Cr are detected any more, indicating their internal 
oxidation. The external oxidation of Si decreases with respect to the value at dew point –
30°C. C increases on the surface but S is also detected, Fig. 5.28. The external oxidation of P 
takes place and XPS peak of P2p is observed at an energy that corresponds to oxidized P 
(138,2 eV), Fig. 5.26b. The Ti-IF steel has the lowest P content in bulk of all three 
investigated steels (0,006 wt. %). The XPS peaks of Mn2p and P2p are at the same binding 
energies as on the DP 500 steel, thus confirming the presence of (Fe, Mn) phosphates. 
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Fig. 5.28: XPS depth profiles of elements detected on the surface of Ti-IF steel after 
annealing at dew point 0°C for 60 sec. 
 
 
Large oxides at the grain boundaries and small ones on the grains are found on the TiNb-IF steel 
annealed at dew point 0°C (Fig. 5.25). The presence of both phosphorus and manganese at the 
grain boundaries is confirmed by EDX analysis. The FE-SEM image and EDX spectra are 
shown in Fig. 5.29. 
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a) Grain boundary b) Grain 
Fig. 5.29: EDX spectra of oxide at grain boundary and oxide on the grain on the surface of 
TiNb-IF after annealing at dew point 0°C: a) Mn and P rich oxide at the grain boundary; 
b) P free oxide on the grain. 
 
 
At dew point 0°C no S and B are detected on the surface, the XPS depth profiles are displayed 
in Fig. 30. Selective oxidation of P and formation of (Fe, Mn) - phosphates occurs, as already 
described in the case of DP 500 and Ti-IF steels. Increasing C signal is expected since Si, S 
and B are not present. The absence of both, S and B on the surface, indicates that due to site 
competition, S and B segregation is impeded by P segregation. In the case of TiNb - IF steel 
the Si oxidation is completely suppressed to the inner zones, below the surface, at all three 
dew points. 
 
a
b
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Fig. 5.30: XPS depth profiles of elements detected on the surface of the TiNb-IF steel after 
annealing at dew point 0°C for 60 sec. 
 
 
In Figs. 5.31a-c are summarized results of surface concentration measurements of the 
investigated elements on steels at different dew points (at 3 nm in depth). 
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Fig. 5.31a: Concentration of different oxidized elements on DP 500 steel at different dew 
points. 
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Fig. 5.31b: Concentration of different oxidized elements on Ti-IF steel at different dew points. 
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Fig. 5.31c: Concentration of different oxidized elements on TiNb-IF steel at different dew 
points. 
 
 
In Table 5.2 the compounds and elements which are detected on the surfaces of commercial 
steels after annealing at different dew points are presented. 
 
 
5 Results and discussion 92 
Table 5.2: Elements and compounds detected on the surfaces of industrial grades annealed at 
different dew points: 
 
Dew point (°C) Industrial grade 
-60 
DP 500 BN and some external Al2O3 and MnO particles, AlN and CrN
Ti-IF External Al2O3 and some MnO particles, some B oxides and 
BN, TiN and some S 
TiNb-IF  External Al2O3 and some MnO particles, B2O3 and some BN, 
TiN and some S 
 -30 
DP 500 External MnSiO3, some MnO and Cr2O3, transition of Al2O3 
oxidation to internal, some B oxide (some BN), AlN 
Ti-IF External MnSiO3, some MnO and Cr2O3 particles, 
some Al2O3 oxide shifting to internal zone, TiN 
TiNb-IF  External (Mn, B) oxide and below Al and Si oxides at the 
grain boundaries, TiN, some S 
 0 
DP 500 External (Fe, Mn) phosphate, some Cr and Si oxide, TiN and 
some B oxide 
Ti-IF External (Fe, Mn) phosphate, some Si oxide, some S and TiN 
TiNb-IF  External (Fe, Mn) phosphate, TiN 
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5.1.1.4 Wettability tests 
 
 
Wettability tests were performed on some of the investigated steels and the results are 
presented in APPENDIX II. For wetting tests a spin - coater with Zn syringe, constructed at 
Max-Planck Institut für Eisenforschung, Düsseldorf, was used. The experiments have been 
performed using a typical Zn bath composition used in industry, Zn - 0,2 wt. % Al-saturated with Fe. 
The temperature of the Zn bath was 460°C as well as that of the wetted sample. Wetting 
contact angles were observed optically by using a high speed camera. The tests showed much 
better wettability of the surfaces annealed at the low dew point (-60°C) and high dew point (0°C) 
than at dew point –30°C, but no wettability of DP 500 steel at dew point –60°C was observed 
due to the formation of the BN layer.. 
 
 
Table 5.3 summarizes the results of wettability tests, with the Zn bath spin coater, on the 
selected steels. Tests were conducted on annealed steels. Wetting was carried out in 5 vol. % 
H2-N2 atmosphere at 460°C and a dew point of –70°C for 3 sec. 
 
Table 5.3: The summarized results of wettability tests with Zn bath in spin coater on two 
commercial steels: 
 
Commercial steel 
Dew point (°C) of the annealing atmosphere 
Wettability with Zn bath in spin coater at 460°C for 3 sec 
DP 500 TiNb-IF 
-60°C -30°C 0°C -60°C -30°C 0°C 
No 
wettability 
Poor 
wettability 
Very good 
wettability 
Very good 
wettability 
Good 
wettability 
Very good 
wettability 
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5.1.1.5  Conclusions 
 
Modification of steel surface can be obtained by a change of oxidation-reduction conditions 
due to the phenomenon of selective oxidation. External oxidation and formation of mostly Al, 
Mn and Si oxides at dew point –60°C is observed on all three investigated steels. At this low 
partial pressure of oxygen adsorption of nitrogen, from the N2-rich atmosphere, on the surface 
occurs and reaction with B from the steel leads to the formation of BN. This takes place 
especially on DP 500 with austenitic-ferritic structure, since hexagonal BN epitaxially grows 
on (111) fcc. BN gives a “screening effect” to further absorption of O2 on the steel surface, 
thus impeding the oxidation. Some externally oxidised Mn and Si are also found at this low 
dew point. At higher dew point, –30°C, the oxygen partial pressure is high enough to enable 
oxygen diffusion into the alloy leading to internal oxidation of element with a strongest 
affinity to oxygen, Al, below the surface, as seen from the decreasing of Al signal. External 
oxidation of Mn reaches a maximum at dew point –30°C, as well as Si and Cr oxidation. 
Formation of both MnSiO3 and MnO is observed, depending on the Mn/Si wt. % ratio, while 
Cr is mostly found as Cr2O3. In the case of TiNb-IF steel (Mn, B) oxides are detected on the 
surface, and below these at the grain boundaries Al and Si oxides. External P oxidation is a 
dominant process at dew point 0°C and Mn3(PO4)2 or (Fe, Mn) phosphates are formed. Si and 
Cr are almost undetectable at this dew point, since they are internally oxidized. 
 
Investigation of the influence of segregation and oxidation of nonmetal on selective oxidation 
of metal elements shows that the processes are very complex and strongly dependent on the 
p(O2) of the atmosphere, diffusivities, surface segregation enthalpies and grain orientation. In 
the case of the dual phase steel, annealed at –60°C dew point, the formation and growth of 
BN due to the reaction of nitrogen from the gas with segregated B from the alloy is strongly 
influenced by orientation and the formed nitride “protects” the surface from further oxidation. 
There is very little S in this steel so a very strong competition between C and Si segregation 
is found, but not between C and S. Some B is still detected at the higher dew point (-30°C). 
Selective oxidation of P occurs at dew point 0°C, thus suppressing Si oxidation on the 
surface, due to well known site competition between these atoms. Oxidation of Si takes place 
in internal zone at this dew point. Much stronger site competition is found between P and Si 
than between P and C which appear simultaneously. Interstitial free steels contain more S 
which segregates at lower dew points and is detected at dew point 0°C only on the Ti-IF steel. 
Much less BN is formed at –60°C on TiNb-IF, compared to DP 500, confirming a much 
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easier nucleation and growth of BN on the austenitic grains of DP 500 steel. Segregation and 
oxidation of B at dew point –30°C on TiNb-IF suppress oxidation of Al and Si at grain 
boundaries below formed (Mn, B) oxides. No Si could be detected on the surface of TiNb-IF 
steel indicating that S and B can strongly impede Si segregation. 
 
The surfaces of the Ti-IF and TiNb-IF steels annealed at low dew point (-60°C) show a good 
wettability due to the formation of not so many and very small oxide particles, mostly Al 
oxide. In contrast, the DP 500 steel shows almost no wetting due to the formation of BN after 
annealing. An increased dew point (-30°C) worsens the surface wettability in all cases, since 
the surface coverage with oxides increases. The (Mn, B) oxide, observed on the TiNb-IF steel, 
is wetted by Zn bath but seems to show no reactivity and formation of inhibition layer. At the 
higher dew point (0°C) the wettability increases compared to dew point –30°C. The internal 
oxidation of the alloying elements, Al, Mn, Si and Cr, at 0°C dew point enhances the surface 
wetting properties, while mostly Mn - or (Fe, Mn) – phosphates are formed on the surface. 
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5.1.2 Segregation of B and N on dual phase alloy during the annealing and selective oxidation 
 
The results obtained during the investigation of selective oxidation and segregation on 
commercial steels require a better understanding of the complex processes occurring during 
the annealing. As the presence of boron in the investigated steels leads to the formation of 
different compounds, i. e. BN (at –60°C dew point) and B oxides (at –30°C dew point) on DP 
500 steel, a further investigation on this steel have been carried out. 
 
Additions of B in HSS should raise the CWE – resistance (Cold Work Embrittlement), by 
replacing the phosphorous at the grain boundaries. The segregation of boron is also of the 
great interest in alloys with chromium, since the precipitation of chromium rich borides and 
borocarbides [Pru67, Ot85] leads to chromium depletion in boron-containing stainless steels, 
thus diminishing the corrosion resistance. A very clear influence of traces of boron on 
precipitation and recrystallization in ULCB (ultra low carbon bainitic steels) was found as 
well [Wat83, Dj88]. Further, the recrystallization processes are more inhibited when added 
boron is combined with microalloying elements, due to a synergistic effect [Mav89]. According 
to some authors these phenomena can be attributed to the non – equilibrium segregation of boron 
to austenite grain boundaries [Wat83, Wata83]. The extent of segregation decreases with 
increasing water vapour content during annealing because of competition between selective 
oxidation and segregation. Due to adsorption of nitrogen from the atmosphere the formation 
of BN on the boron containing steel was observed at the very low dew point (-60°C), see 
Section 5.1.1. This layer has a beneficial effect on the reduction of the oxidation on the 
surface, but is almost unwetted by Zn bath. Segregation of boron to the surface was found to 
occur above 700°C. According to investigation of Stulen et al. on the segregation of boron in 
nitrogen strengthened stainless steel, under vacuum annealing, a co-segregation of B and N 
occurs at temperatures higher than 700°C, while at lower temperatures Cr and Mn were 
observed to co-segregate with N and S, respectively [Stu79].  
 
The aim of the presented investigation is to give a better overview of relationship between B, 
N and Cr segregation during the annealing and selective oxidation. 
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5.1.2.1 Experimental 
 
 
15x15 mm samples of DP 500 steels were exposed to 5 vol. % H2-N2 at different dew points, -
60°C and –30°C at 500°C and 800°C. The heating rate was 10°C/s and the cooling rate was 
5°C/s. The soaking times at the annealing temperatures were 15, 60 and 120 sec. After 
annealing experiments the samples were investigated using XPS and FE-SEM equipped with 
EDX. For reason of simplicity other detected elements on the surface like Al, Si, Mn and P 
are excluded from the discussion. 
 
 
 
5.1.2.2 Results and discussion 
 
 
A) 500°C 
 
 
After annealing at 500°C and at dew point –60°C neither N nor B could be observed in XPS 
spectra, as shown in Figs. 5.32a-c. Chromium was found after 15, 60 and 120 sec soaking 
time. As the nitrogen diffusion in alloy is very fast, even at low temperatures, it would be 
expected to find some nitrogen on the surface after annealing. The reason for nitrogen absence 
maybe attributed to the high activation energy necessary for adsorption and dissociation of 
nitrogen from the gas phase, which is less likely to occur at 500°C. Due to oxygen adsorption 
on the surface oxidation of Cr occurred. The partial pressure of oxygen under the chosen 
annealing conditions was pe(O2) = 10-36  bar and was high enough to oxidize Cr to Cr2O3 
(pe(O2) is 10-43 bar at 500°C and Cr activity of one). 
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Fig. 5.32a: XPS spectra of B1s on the surface of DP 500 annealed in 5 vol. % H2-N2 at 
500°C at dew point –60°C (peak is expected at about 191±1 eV). 
 
Fig. 5.32b: XPS spectra of N1s on the surface of DP 500 annealed in 5 vol. % H2-N2 at 
500°C at dew point –60°C (peak is expected at 400±1 eV) 
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Fig. 5.32c: XPS spectra of Cr2p on the surface of DP 500, annealed in 5 vol. % H2-N2 at 500°C at 
dew point –60°C (peak at 577 eV corresponds to Cr as Cr2O3). 
The detected Cr peak is at 577 eV and corresponds to Cr as Cr2O3 (Fig. 5.33). The intensity of 
segregated and oxidized Cr increases with soaking time (Fig. 5.34). 
 
Fig. 5.33: Fitted XPS Cr peak after different annealing times in 5 vol. % H2-N2 at 500°C at dew 
point –60°C. 
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Fig. 5.34: XPS quantitative analyse on the surface of DP 500 annealed in 5 vol. % H2-N2 at 
500°C at dew point –60°C (top layer). 
 
 
Annealing at 500°C at the higher dew point (-30°C), results in appearance of a weak N signal 
on the surface after 15 and 60 s while B appears after 120 s (Figs. 5.35a-c). Although hardly 
detectable with XPS the presence of nitrogen on the surface was additionally confirmed by 
FE-SEM with EDX (Fig. 5.36). The detected TiN particle indicates that the XPS 
quantification depends on distribution and size of particles (in this case TiN particles). 
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Fig. 5.35a: XPS spectra of B1s on the surface of DP 500, annealed in 5 vol. % H2-N2 at 
500°C, at dew point –30°C (peak at 192,5 eV corresponds to B as B2O3). 
 
Fig. 5.35b: XPS spectra of N1s on the surface of DP 500, annealed in 5 vol. % H2-N2 at 
500°C, at dew point –30°C (peak at 401,2 eV corresponds to N as TiN and the one at 
399,1 eV corresponds to N as CrN). 
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Fig. 5.35c: XPS spectra of Cr2p on the surface of DP 500, annealed in 5 vol. % H2-N2  at 
500°C, at dew point –30°C. 
 
 
Fig. 5.36: FE-SEM photo of TiN particle on the surface of DP 500 annealed at 500°C at dew 
point –30°C for 60 sec. 
 
Cr is found after shorter times as both, nitride and oxide, while after 120 sec only as oxide. 
The intensity of Cr as nitride decreases with increasing the soaking time as shown in Fig. 5.37 a. In 
Fig. 5.37b the fitted XPS peak of nitrogen is displayed. After 120 sec the nitrogen peak 
disappears and boron appears on the surface. The B peak is at 192,5 eV and belongs to B as 
B2O3. The chromium signal reaches a maximum after 60 sec, followed by decrease of both, 
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Cr and O signal after 120 sec, when boron appears (Fig. 5.38). As discussed in Section 5.1.1, 
the B oxidation leads to conditions on the surface that correspond to lower dew points, which 
can explain decrease of oxygen. According to the Cr-B-O phase diagram at 500°C 
(APPENDIX I) both Cr2O3 and B2O3 are stable over a wide range of oxygen partial pressures. 
 
Fitting of Cr peak with CASA Software suggested the presence of Cr as nitride surface 
compound, although not detected by FE-SEM. The process of Cr nitride formation probably 
takes place during the sample cooling. Fitting of the B peak was not reliable since the signal 
was very weak. The segregation of boron normally takes place at higher temperatures and is 
strongly influenced by the nitrogen segregation, co-segregation of B and N was particularly 
observed on (111) planes of fcc alloy at higher temperatures (>650°C) [Lon92]. Since no 
nitrogen is found when B appears on the surface, after 120 sec, the enrichment of boron at 
the surface is due to a strong affinity of B to adsorbed oxygen on the surface, the 
standard Gibbs free energy for B2O3 formation at 500°C is o∆G 500°C (B2O3) = -712,552 
kJ/mol. Boron oxide particles are expected on the surface since the partial pressure of oxygen 
for the reaction of boron oxidation at 500°C is 10-49 bar and much lower than the one in the 
gas (10-36 bar). 
 
 
Fig. 5.37a: Fitted XPS peak of Cr2p after different annealing times in 5 vol. % H2-N2 at 500°C 
at dew point –30°C. 
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Fig. 5.37b: Fitted XPS peak of N1s after different annealing times in 5 vol. % H2-N2 at 500°C 
at dew point –30°C. 
 
Fig. 5.38: XPS quantitative analyse on the surface of DP 500 annealed in 5 vol. % H2-N2 at 
500°C at dew point –30°C (top layer). 
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The appearance of nitrogen at the higher dew point but not at the lower is hard to explain but 
it is certain that for many processes like segregation, precipitations, recrystallization and 
selective oxidation occur in parallel and this may lead to unexpected phenomena. 
 
 
B) 800°C 
 
 
By increasing the annealing temperature to 800°C the processes of diffusion and adsorption 
are enhanced and higher amounts of the investigated elements are present on the surface as 
confirmed with XPS measurements and shown in Figs. 5.39a-c. 
 
 
Fig. 5.39a: XPS spectra of B1s the surface of DP 500, annealed in 5 vol. % H2-N2 at 800°C, 
at dew point –60°C (peak at 191 eV corresponds to B as BN and peak at 192,8 eV 
corresponds to B as B2O3). 
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Fig. 5.39b: XPS spectra of N1s the surface of DP 500, annealed in 5 vol. % H2-N2 at 800°C, 
at dew point –60°C (peak at 398,4 eV corresponds to N as BN). 
 
Fig. 5.39c: XPS spectra of Cr2p the surface of DP 500, annealed in 5 % H2-N2 at 800°C, at 
dew point –60°C (peak at 576,9 eV corresponds to Cr as Cr2O3). 
 
Both, boron diffusion and nitrogen adsorption occur easily at higher temperatures, above 
700°C [Stu79]. Boron is detected as both nitride (191 eV) and oxide (192,8 eV) after 60 sec 
(Fig. 5.40a) nitrogen as BN and nitride of metal (Fig. 5.40b) while Cr is detected as oxide and 
as metallic (Fig. 5.40c). 
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Fig. 5.40a: Fitted XPS peak of B1s on the surface of DP 500 after different annealing times 
in 5 vol. % H2-N2 at 800°C at dew point –60°C. 
 
Fig. 5.40b: Fitted XPS peak of N1s on the surface of DP 500 after different annealing times 
in 5 vol. % H2-N2 at 800°C at dew point –60°C. 
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Fig. 5.40c: Fitted XPS peak of Cr2p on the surface of DP 500 after 60 sec soaking time in 5 vol. % 
H2-N2 at 800°C at dew point –60°C. 
 
 
As observed at 800°C and dew point –60°C, the formation of BN is a very favourable process 
on DP 500 steel. With increased soaking time, nitrogen and boron increase on the surface 
while the oxygen decreases (Fig. 5.41). Existence of BN particles is also confirmed by FE-
SEM with EDX (Fig. 5.42a and b), while TiN particles are also found on the surface after 60 
sec of holding time at the annealing temperature (Fig. 5.42c and d). Although excluded here 
from the discussion XPS measurement showed that the Si, Al and Mn amounts on the surface 
drastically decreased after 120 sec compared to 60 sec. No Cr observed after 120 sec, and a 
rather weak signal of Cr after 60 sec, which suggests the interaction between N, B and Cr and 
other segregating elements. It is clear that BN has a screening effect on the surface, thus 
decreasing the adsorption of oxygen, but also the formed BN cause a decrease of signals of 
other segregating elements. The Cr-B-O phase diagram at 820°C (APPENDIX I) indicates 
that at low pressures of oxygen (less than 10-28 bar) and lower mol Cr/(Cr + B) ratio (lower 
than 0.5) the following regions of stability exist: Cr(s) + B2O3 (s2); CrB (s) + B2O3 (s2). For 
the reaction: 
 
2 B + Cr2O3 = 2 Cr + B2O3 (5.3) 
 
Gibbs free energy is o∆G  (800°C) = -132,5 kJ/mol, while for the reaction: 
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4 B + Cr2O3 = 2 CrB + B2O3 (5.4) 
 
Gibbs free energy is o∆G  (800°C) = -283,9 kJ/mol. 
 
According to the thermodynamic calculation (Table 4.1) at 820°C at dew point –60°C, partial 
pressure of oxygen is 8,41×10-28 bar and close to the values where Cr and B2O3 are stable. 
The lowering of oxygen partial pressure may also occur due to B oxidation on the surface. 
Some metallic Cr was indeed detected by fitting the XPS signal of Cr but since the intensity 
of signal was rather weak the result needs further confirmation. 
 
 
Fig. 5.41: XPS quantitative analyse on the surface of DP 500 annealed in 5 vol. % H2-N2 at 
800°C at dew point –60°C (top layer). 
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Fig. 5.42a: FE-SEM image of a BN particle on the 
surface of DP 500 annealed in 5 vol. % H2-N2 at 
800°C at dew point –60°C for 60 sec. 
Fig. 5.42b: EDX spectrum of BN particle on 
the surface of DP 500, annealed in 5 vol. % H2-
N2 at 800°C at dew point –60°C for 60 sec. 
Fig. 5.42c: FE-SEM image of a TiN particle on the 
surface of DP 500 annealed in 5 vol. % H2-N2 at 
800°C at dew point –60°C for 60 sec. 
Fig. 5.42d: EDX spectrum of TiN particle on 
the surface of DP 500, annealed in 5 vol. % H2-
N2 at 800°C at dew point –60°C for 60 sec. 
 
 
The adsorption of nitrogen (from the gas atmosphere) is strongly diminished by the oxygen 
adsorption and at higher dew points (-30°C) no nitrogen is present on the surface of DP 500 
steel (Figs. 5.43a-c). Boron is present as oxide after all soaking times, while Cr appears as 
oxide on the surface after shorter times, 15 and 60 sec respectively (Figs. 5.44a and b). 
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Fig. 5.43a: XPS spectra of B1s on the surface of DP 500, annealed in 5 vol. % H2-N2 at 
800°C, at dew point –30°C (peak at 192,5 eV corresponds to B as B2O3). 
 
Fig. 5.43b: XPS spectra of N1s on the surface of DP 500, annealed in 5 vol. % H2-N2 at 
800°C, at dew point –30°C (peak is expected at 400±1 eV). 
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Fig. 5.43c: XPS spectra of Cr2p on the surface of DP 500, annealed in 5 vol. % H2-N2 at 
800°C, at dew point –30°C (peak at 577,7 eV corresponds to Cr as Cr oxide). 
 
With increasing annealing time no Cr is found and also a decrease of B is observed. The 
oxygen concentration on the surface (Fig. 5.45), i. e. the surface coverage with oxides 
increases with time (Figs. 5.46a-c). 
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Fig. 5.44a: Fitted XPS peak of B1s after different annealing times in 5 vol. % H2-N2 at 800°C at 
dew point –30°C. 
 
Fig. 5.44b: Fitted XPS peak of Cr2p after different annealing times in 5 vol. % H2-N2 at 800°C at 
dew point –30°C. 
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Fig. 5.45: XPS quantitative analyse on the surface of DP 500, annealed in 5 vol. % H2-N2 at 
800°C at dew point –30°C (top layer). 
 
 
Fig. 5.46a: FE-SEM image of the surface of 
DP 500, annealed in 5 vol. % H2-N2 at 800°C 
at dew point –30°C for 15 sec. 
Fig. 5.46b: FE-SEM image of the surface of 
DP 500, annealed in 5 vol. % H2-N2 at 800°C 
at dew point –30°C for 60 sec. 
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Fig. 5.46c: FE-SEM image of the surface of DP 500 annealed in 5 vol. % H2-N2 at 800°C at 
dew point –30°C for 120 sec. 
 
EBSD (Electron Backscattered Diffraction) measurements were also conducted to get 
information about the crystal orientation since adsorption and segregation processes are 
strongly orientation dependent. The obtained result is shown in Fig. 5.47. Most of the grains 
have the orientation between <111> and <101>. The segregation of N on differently oriented 
crystals of α - iron at temperatures to 600°C has been previously investigated [Gra80] and it 
was found that on the (110) plane a so called “carbon ring” LEED structure forms. This 
means that a certain reconstruction of the surface takes place, due to an adsorption, resulting 
in faceting and the creation of new centre sites for further adsorption of nitrogen. 
 
 
 
Fig. 5.47: EBSD mapping of the surface of 
DP 500 (most of the grains are with the 
orientation between <111> and <101>). 
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5.1.2.3 Conclusions 
 
 
The segregation of B under oxidation at the lower temperature, 500°C, occurs only after 
longer soaking times (120 s) and at higher dew point (-30°C). The enrichment of B at the 
surface and formation of B2O3 is driven by the very negative Gibbs free energy of B oxide 
formation. The nitrogen appears on the surface also only at a higher dew point. No co-
segregation of B and N is observed at 500°C. 
 
At 800°C at dew point –60°C, B from the steel and N adsorbed on the surface from the gas 
react leading to the formation of BN. After continued annealing less Cr and oxygen are 
detected on the surface, confirming the “screening effect” of BN on the surface. At higher 
dew point (-30°C) the adsorbed oxygen hinders the nitrogen adsorption and only B as B oxide 
is found but no nitrogen. 
 
Cr is found as both, Cr oxide and Cr nitride at 500°C at dew point –30°C. Only at 500°C and 
dew point –60°C does the Cr content on the surface increase with time. The decrease in other 
cases can be explained by the absence of the N with which Cr strongly co-segregates and/or 
by the shifting of Cr oxidation into the internal mode and/or by overgrowth of oxides by BN. 
Possible reduction of Cr oxides by B could not be confirmed. 
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5.2 Model alloys 
 
 
Preoxidation before annealing presents a promising process for surface modification of steel 
sheets, since during this process prevailing formation of Fe-oxides at the oxide/gas interface 
and less of oxides of alloying elements is expected. Iron oxides can be reduced in the 
subsequent annealing cycle to metallic Fe, which is wetted well by a Zn bath. Since Al, Mn 
and Si oxides are mostly found on the surfaces of investigated commercial steels after 
annealing, different Fe-Si (Fe with 1%; 1,5 %; 3 % and 5 wt. % Si), Fe-Mn (Fe with 0,3 %; 1 %; 3 % 
and 5 wt. % Mn) and Fe-Al (Fe with 0,1%; 1 %; 3 % and 5 wt. % Al) model alloys were 
chosen for the further investigation. The oxidation times were: 15, 30 and 60 sec respectively. 
 
The formation of MOx (M = Al, Si, Mn etc.), FexMyO and Fe-oxides is controlled by both, 
thermodynamics and kinetics. Thermodynamically all oxides of Fe, Mn, Si and Al are stable 
in the chosen oxidizing conditions, in air at 700°C. Whether an element is oxidized externally 
or internally is defined by the boundary condition given by Wagner [Wa59] and which can be 
expressed as: 
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NπD
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VgN
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NOB crit: critical concentration of solute B above which external selective oxidation of B takes place 
V:  molar volume of the alloy 
VBOν: molar volume of the oxide BOν 
Do: diffusion coefficient of oxygen in alloy 
NoS: solubility of oxygen at the alloy surface 
DB: interdiffusion coefficient of B in alloy 
g*: critical volume fraction of internally formed BOν above which external oxidation takes 
place 
 
Oxidation experiments in air, at 700°C, and subsequent annealing in the annealing cycle were 
conducted on model alloys and both XPS and FE-SEM measurements were used to 
characterize the surfaces. 
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5.2.1 Fe-Si alloys 
 
 
The calculations of a critical Si bulk concentration in Fe-Si alloys oxidized in air [At82] show 
that alloys with 1 wt. % Si exhibit external oxidation and formation of SiO2. No continuous 
silica layer forms on Fe-1 wt. % Si, as well as on alloys with 1,5 wt. % Si, while alloys with 3 wt. % Si 
forms a continuous layer of SiO2. Due to the fast mobility of Fe cations, iron oxides and 
fayalite formation is also expected, even in the case of alloys with a sufficient Si content for the 
formation of a continuous SiO2 scale. Alloys with 5 wt. % Si are in the area of continuous SiO2 
scale formation and only this oxide is expected on the surface but, as discussed, the formation 
of Fe oxides and fayalite is also possible. 
 
The annealing of model alloys was performed using the annealing cycle (Fig. 4.1) in a 5 
vol. % H2-N2 gas atmosphere at dew point -30°C. The partial pressure of oxygen in the 
hydrogen containing atmosphere is defined by the reaction: 
 
2 H2 + O2 = 2 H2O  (5.4) 
 
and has a value of 10-24 bar under the chosen annealing conditions. The equilibrium partial 
pressure of oxygen (when the activities of silicon is taken to be one) for SiO2 formation at 
820°C is 10-35 bar and for Fe oxides FeO, Fe3O4 and Fe2O3 are 0,4×10-18, 0,6×10-18 and 
0,8×10-17 bar, respectively. It is clear that in 5 vol. % H2-N2 at dew point –30°C and at 820°C 
only SiO2 should form on the surfaces of all the investigated alloys. 
 
 
5.2.1.1 Annealing of Fe-Si alloys 
 
 
Annealing of the investigated Fe-Si alloys in 5 vol. % H2-N2 at dew point –30°C at 820°C for 60 
sec was carried out to emphasize the differences in surface chemistry due to the stability of 
different oxides after preoxidation and the annealing on one side and only annealing on the 
other side. Results from the XPS spectra of Si2p, Fe2p and O1s are presented in Figs. 5.48a-c. 
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Fig. 5.48a: XPS spectra of Si2p on the surfaces of Fe –Si alloys after annealing in 5 vol. % H2-
N2 at 820°C at dew point –30°C for 60 sec (Si2p peak at 104eV corresponds to Si as SiO2). 
 
Fig. 5.48b: XPS spectra of O1s on the surfaces of Fe –Si alloys after annealing in 5 vol. % H2-
N2 at 820°C at dew point –30°C for 60 sec. 
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Fig. 5.48c: XPS spectra of Fe2p on the surfaces of Fe –Si alloys after annealing in 5 vol. % H2-N2 at 
820°C at dew point –30°C for 60 sec (Fe2p peak at about 707 eV corresponds to metallic Fe). 
On all Fe-Si alloys the Si2p peak at 104,5 eV BE (binding energy) and oxygen peak at 533,9 
eV indicate the presence of SiO2 on the surface. The Fe2p peak is at the typical binding 
energy for metallic Fe with the value of 707,3 eV and is expected, since the annealing 
atmosphere does not exceed the partial pressure for formation of Fe oxides. On alloys with 1 
wt. %, 1,5 wt. % and 3 wt. % Si, after about 23 nm of sputtering, both signals of Si2p, at 
104,1 eV (SiO2) and at 99,8 eV (silicon), are detected. The alloy with 5 wt. % Si shows 
different behaviour since, after approximately the same depth of sputtering, only elemental Si 
at 99,7 eV is detected. With increasing Si content in the alloy the thickness of the SiO2 oxide 
layer decreases. There is a critical bulk concentration of Si at which a protective silica scale is 
formed and according to Svedungen et al. [Sv74] this value is about 3 wt. % of Si. The hot 
rolled, coarse grained structure in the case of the investigated alloys can be a reason for the 
somewhat higher critical concentration needed for the formation of SiO2 film as the grain 
boundaries provide an easy diffusion path for both Si and oxygen and for a fine grained 
material the critical concentration may be lower. FE-SEM images of annealed Fe-Si alloys are 
shown in Figs. 5.49a-d. Images on the left in Fig. 5.49 a-d are obtained using the InLens 
detector and those on the right using the QBSD detector. 
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Fig. 5.49a: FE-SEM image of Fe-1 wt. % Si surface after annealing in 5 vol. %H2-N2 at 
820°C at dew point –30°C for 60 sec (SiO2 particles on the surface).  
 
Fig. 5.49b: FE-SEM image of Fe-1,5 wt. % Si surface after annealing in 5 vol. %H2-N2 at 
820°C at dew point –30°C for 60 sec (SiO2 particles on the surface). 
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Fig. 5.49c: FE-SEM image of Fe-3 wt. % Si surface after annealing in 5 vol. %H2-N2 at 
820°C at dew point –30°C for 60 sec (SiO2 particles on the surface). 
 
Fig. 5.49d: FE-SEM image of Fe-3 wt. % Si surface after annealing in 5 vol. %H2-N2 at 
820°C at dew point –30°C for 60 sec (thin SiO2 film on the surface). 
 
 
 
5.2.1.2 Preoxidizing and annealing of Fe-Si alloys 
 
 
The Fe-Si alloys were oxidized at 700°C in air for different times: 15, 30 and 60 sec and 
subsequently reduced in the annealing conditions. XPS peaks of Si2p, O1s and Fe2p on Fe-Si 
samples after 15 sec of oxidation are shown in Figs. 5.50a-c. The Si2p peak is at 102 eV, 
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lower than in silica, belongs to fayalite (Fe2SiO4) [Su03]. The oxygen and iron peaks are at 
531,3 and 711 eV, respectively. The intensity of Si peak increases slightly with increasing 
bulk Si content. During the oxidation FeO and SiO2 are formed at first and on the places 
where these two oxides are in contact, fayalite forms according to the following reaction: 
 
2 FeO + SiO2 = Fe2SiO4 (5.5) 
 
 
Fig.5.50a: XPS spectra of Si2p on the surfaces of Fe-Si alloys after 15 sec of oxidation in 
air at 700°C (Si2p peak are shifted to lower binding energy compared to the one on only 
annealed alloys). 
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Fig.5.50b: XPS spectra of O1s on the surfaces of Fe-Si alloys after 15 sec of oxidation in 
air at 700°C. 
 
Fig.5.50c: XPS spectra of Fe2p on the surfaces of Fe-Si alloys after 15 sec of 
oxidation in air at 700°C (Fe2p peak is at higher energy than on only annealed alloys and 
corresponds to Fe as Fe2O3). 
 
“Unreacted” FeO oxidizes further to Fe3O4, due to the fast Fe cation diffusion. The diffusivity 
of Si in Fe3O4 is very slow and can be neglected when compared to the diffusion of Fe in 
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Fe3O4. During Fe3O4 growth, Si is enriched at the metal/oxide interface, where the following 
reaction takes place: 
 
2 Si + Fe3O4 = 2 SiO2 + 3 Fe (5.6) 
 
or more likely: 
 
Si + Fe3O4 = Fe2SiO4 + Fe (5.7) 
 
The Si from the bulk diffuses to the surface and oxidizes to SiO2 or fayalite (according to the 
reactions (5.5), (5.6) or (5.7)) leading to the existence of these oxides at the oxide/alloy 
interface when the rest of the surface is covered by Fe3O4 or Fe2O3. The alloy with 5 wt. % Si 
is mostly covered with SiO2 but also with some Fe oxide (a small amount of fayalite is 
expected as well). The Si2p peak on this alloy is shifted to a higher binding energy (Fig. 
5.50a) confirming somewhat different oxidation behaviour compared to the other Fe-Si 
alloys. 
 
During the subsequent annealing, the Fe oxides are reduced on all alloys, while fayalite and 
silica stay unreduced. On the alloy with 5 wt. % Si, mostly SiO2 is stable on the surface after 
oxidation but some reduction is observed after annealing due to the prior presence of Fe-
oxides. On this alloy, after 20 nm of sputtering, the Fe2p peak is found to be at 707,5 eV 
corresponding to metallic Fe and Si2p peak is at 99,8 eV, characteristic for silicon. This Si 
content (5 wt. %) is enough for the formation of a continuous, slowly growing silica layer. 
Results of the EDX quantitative analysis on reduced alloys are presented in Table 5.4. 
 
Table 5.4: EDX quantitative analysis on the Fe-Si alloys annealed (reduced) after 15 sec 
oxidation in air at 700°C: 
 
Composition of elements, wt. % Alloy 
C O Si Fe 
Fe-1 wt % Si 1,44 5,37 0,27 92,93 
Fe-1,5 wt % Si 1,33 13,75 0,16 84,76 
Fe-3 wt % Si 1,51 7,15 2,02 89,32 
Fe-5 wt % Si 3,52 0,71 4,52 91,27 
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From this quantification it can be concluded that the best reduced alloy is Fe-1 wt. % Si with 
the highest amount of Fe and a small oxygen amount. A very low oxygen and high Fe amount 
in the case of Fe-5 wt. % Si is observed due to the formation of a very thin SiO2 oxide layer. 
 
After 60 sec oxidation time the surface morphologies (Figs. 5.51a-d) differ from those after 
15 sec of oxidation. On the surfaces with a lower Si content (less than 5 wt. %) more Fe-
oxides and fayalite are formed, compared to 15 sec oxidation, especially in the case of Fe-1,5 
wt. % and Fe-3 wt. % Si alloys. Longer oxidation times lead to a more intense diffusion from 
the bulk and also to the formation of thicker Fe oxides on alloys with less than 5 wt. % Si. The Fe 
oxides grow fast due to a fast Fe cation diffusion in FeO and Fe3O4, much faster than in SiO2 
[Di77]. The fayalite formation is predominantly close to the metal/oxide interface rather than 
at the oxide/gas interface where mostly Fe oxides are present. On the surface of Fe-5 wt. % Si 
SiO2 oxide is predominantly formed and a FE-SEM image at higher magnification (Fig. 5.52 
(e)) shows the morphology of the formed silica. 
 
 
Fig. 5.52a: FE-SEM image of the Fe-1 wt. % Si 
surface after 60 sec of oxidation in air at 
700°C (Fe oxides). 
Fig. 5.51b: FE-SEM image of the Fe-1,5 wt. % 
Si surface after 60 sec of oxidation in air at 
700°C (Fe oxides and fayalite). 
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Fig. 5.51c: FE-SEM image of the Fe-3 wt. % Si 
surface after 60 sec of oxidation in air at 
700°C (Fe oxides and fayalite). 
Fig. 5.51d: FE-SEM image of the Fe-5 wt. % Si 
surface after 60 sec of oxidation in air at 
700°C (predominantly SiO2). 
 
Fig. 5.51e: FE-SEM image of the Fe-5 wt. % Si surface after 60 sec of oxidation in air at 
700°C (high magnification) (predominantly SiO2). 
 
The Si2p peak on the surface of the Fe-5 wt. % Si alloy is at a binding energy that corresponds to Si 
as SiO2 while the Si2p peak on Fe-1,5 and Fe-3 wt. % Si reflects Si as fayalite (Figs. 5.52a and 
b)). In contrast, on Fe-1 wt. % Si alloy the Si2p peak is not detectable on the surface. 
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Fig.5.52a: XPS spectra of Si 2p on the surfaces of Fe-Si alloys after 60 sec of oxidation in 
air at 700°C (Si2p peak on 1,5 wt. % Si alloy is at the binding energy close to the one on 
the same alloy after 15 sec oxidation, while on 3 wt. % and 5 wt. % Si alloys value is 
close to the one on only annealed alloys, without preoxidation). 
 
Fig.5.52b: XPS spectra of Si and Fe on the surfaces of Fe-Si alloys after 60 sec of 
oxidation in air at 700°C (much stronger Fe2p peaks compared to the ones observed after 
15 sec oxidation). 
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During the annealing only the reduction of Fe oxides occurs. On Fe-1 wt. % Si alloy a very 
porous, spongy layer of metallic Fe is formed after the annealing. On the alloy with 5 wt. % Si some 
Fe oxides formed during the oxidation are also reduced. FE-SEM images of the surfaces after 
annealing are shown in Figs. 5.53a-d and the FE-SEM images which highlight the differences 
on these alloys are displayed in Figs. 5.53e-h. 
 
 
Fig. 5.53a: FE-SEM image of the Fe-1 wt. % 
Si surface annealed after 60 sec of oxidation 
in air at 700°C (metallic Fe). 
Fig. 5.53b: FE-SEM image of the Fe-1,5 wt. % 
Si surface annealed after 60 sec of oxidation 
in air at 700°C (reduced Fe oxides). 
 
Fig. 5.53c: FE-SEM image of the Fe-3 wt. % 
Si surface annealed after 60 sec of oxidation 
in air at 700°C (reduced Fe oxides and 
unreduced fayalite and silica). 
Fig. 5.53d: FE-SEM image of the Fe-5 wt. % 
Si surface annealed after 60 sec of oxidation 
in air at 700°C (metallic Fe (particles) and 
unreduced silica). 
 
5 Results and discussion 130 
 
Fig. 5.53e: FE-SEM image of the Fe-1 wt. % Si 
surface annealed after 60 sec of oxidation in air 
at 700°C (spongy metallic Fe). 
Fig. 5.53f: FE-SEM image of the Fe-1,5 wt. % Si 
surface annealed after 60 sec of oxidation in 
air at 700°C (reduced Fe oxides and 
unreduced fayalite). 
 
Fig. 5.53g: FE-SEM image of the Fe-3 wt. % 
Si surface annealed after 60 sec of oxidation 
in air at 700°C (reduced Fe oxides and 
unreduced fayalite and silica). 
Fig. 5.53h: FE-SEM image of the Fe-5 wt. % Si 
surface annealed after 60 sec of oxidation in 
air at 700°C (metallic Fe (particles) and 
unreduced silica). 
 
 
An EBSD measurement of an iron particle on the alloy with 5 wt. % Si (Fig. 5.53d) was 
obtained and the pattern is presented in Fig. 5.53i. From the area between bright particles 
(iron) in Fig. 5.53h no pattern could be observed with EBSD indicating that SiO2 is 
amorphous and only exists as a very thin layer on the surface. 
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Fig. 5.53i: EBSD pattern of an iron (alpha) particle on the surface of Fe-5 wt. % Si annealed 
after 60 sec of oxidation in air at 700°C (particle from Fig. 5.53d). 
 
Annealed after oxidation, Fe-1,5 wt. % and Fe-3 wt. % Si alloys were investigated by X-ray 
diffraction, using synchrotron radiation and the obtained patterns are presented in Figs. 5.54 
and 5.55. 
 
 
Fig. 5.54: Synchrotron XRD pattern of Fe-1,5 wt. % Si reduced in 5 vol. % H2-N2 at dew 
point –30°C at 820°C for 60 sec, after 60 sec of oxidation in air at 700°C (metallic Fe, wustite 
and fayalite are detected). 
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Fig. 5.55: Synchrotron XRD pattern of Fe-3 wt. % Si reduced in 5 vol. % H2-N2 at dew point 
–30°C at 820°C for 60 sec, after 60 sec of oxidation in air at 700°C (less metallic Fe, more 
fayalite and less wustite are detected than on Fe-1,5 wt.% Si alloy). 
 
Although found with XPS measurements on Fe-3 wt. % Si, no clear signal of SiO2 in 
XRD pattern could be observed, confirming its amorphous state but also a possible 
overgrowth of silica particles at alloy/oxide interface by the fast growing Fe - oxides. 
 
Furthermore, EDX analysis was carried out on the Fe-Si alloys after oxidation and annealing 
and the relative oxygen content is plotted in Figs. 5.56a and b. No fitting to some model was 
done. 
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Fig. 5.56a: Oxygen content (EDX) after oxidation in air for different times: the least on the 
oxidized alloy with 5 wt. % Si. 
 
Fig. 5.56b: Oxygen content (EDX) after annealing in 5 vol. % H2-N2 at 820°C at dew point –
30°C for 60 sec: the most efficiently reduced is alloy with 1 wt. % Si. 
 
The Fe-1 wt. %, 1,5 wt. % and 3 wt. % Si alloys all show similar behaviour during the 
oxidation while Fe-5 wt. % Si is the least oxidised alloy due to the formation of a slowly 
growing SiO2 layer. Reduction in the annealing cycle leads to a decrease of the oxygen 
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content but only due to Fe oxides reduction. The most reduced is the alloy with 1 wt. % Si after 60 
sec of oxidation, since the pure Fe oxide, formed on the oxide/gas interface after oxidation, is 
reduced to metallic Fe. The observation of less oxygen on Fe-3 wt. % Si alloy than on Fe-1,5 
wt. % Si can be explained by the fact that the first alloy is close to the conditions for the 
formation of a continuous SiO2 layer and more of the surface becomes covered with the 
slowly growing SiO2. 
 
The results of the wetting tests on the model Fe-Si alloys performed in a spin coater are 
presented in APPENDIX II (Figs. 8a, b and 9a, b). The best wettability is observed on the Fe-
1 wt. % Si alloy reduced after 60 sec oxidation in air at 700°C since there is a metallic Fe on the 
surface, which is excellently wetted by Zn bath. In the case of the Fe-5 wt. % Si alloy preoxidation 
and reduction did not show any improvement of the wettability since there is mostly SiO2 on 
the surface, for which the wettability by Zn bath is very poor. It should be also mentioned that 
about 250 nm of iron oxide layer can be reduced during annealing for 60 sec in 5 % H2/N2 
atmosphere at 820°C at dew point -30°C. 
 
A schematic overview of the oxidation behaviour of the Fe-Si alloys, only annealed and 
oxidized and annealed, is presented in Table 5.5. 
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Table 5.5: A schematic overview of the surfaces of Fe-Si alloys only annealed and oxidized and annealed: 
 
Applied treatment 
Annealing in 5 % H2-N2 at 820°C at dew 
point –30°C for 60 sec 
Oxidation in air at 700°C for 60 sec Annealing in 5 % H2-N2 at 820°C at dew 
point –30°C for 60 sec, after oxidation in air 
at 700°C for 60 sec 
SiO2
Fe-1 wt. % Si  
Externally formed SiO2 
and some internal SiO2. 
Fe oxide
Fayalite
Fe-1 wt. % Si
Fayalite or SiO2
 
Fe oxides at oxide/gas interface, fayalite at 
metal/oxide interface and internally formed 
fayalite or SiO2. 
Fe oxide Fayalite
Fe-1 wt. % Si
Metallic FeFayalite or SiO2
 
Metallic Fe at oxide/gas interface, Fe oxides 
and fayalite at metal/oxide interface and 
internally formed fayalite or SiO2. 
SiO2
Fe-1,5 wt. % Si  
Externally formed SiO2 and possibly some 
internal SiO2. 
Fe oxide
Fe-1,5 wt. % Si
Fayalite or SiO 2
 
Fe oxides and fayalite at metal/oxide interface 
and internally formed fayalite or SiO2. 
Fe oxide Fayalite
Fe-1,5 wt. % Si
Metallic FeFayalite or SiO2
 
Metallic Fe and fayalite and Fe oxides at 
metal/oxide interface and internally formed 
fayalite or SiO2 
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SiO2
Fe-3 wt. % Si  
Externally formed SiO2 and possibly some 
internal SiO2 
Fe oxide Fayalite
Fe-3 wt. % Si
SiO2 SiO2
 
Fe oxides, some fayalite and some SiO2 at 
metal/oxide interface and internally formed SiO2.
Fe oxide Fayalite
Fe-3 wt. % Si
SiO2
Metallic Fe
 
Metallic Fe, fayalite and some SiO2, Fe 
oxides at metal/oxide interface and internally 
formed SiO2. 
SiO2
Fe-5 wt. % Si  
Externally formed SiO2 and possibly some 
internal SiO2 
Fe oxide Fayalite
Fe-5 wt. % Si
SiO2  SiO2
 
Mostly SiO2 but also some fayalite and Fe 
oxides at metal/oxide interface and internally 
formed SiO2. 
Fayalite
Fe-5 wt. % Si
SiO2 Metallic Fe
 
Mostly SiO2, some metallic Fe and fayalite 
and internally formed SiO2. 
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5.2.2 Fe-Mn alloys 
 
 
The formation of Mn oxides during annealing under the conditions applied in this 
investigation, 5 vol. % H2-N2 at dew point –30°C, at 820°C for 60 sec, is thermodynamically 
very favourable and the oxygen partial pressure in the system (10-24 bar) exceeds the partial 
pressures for formation of MnO (10-29 bar) and Mn3O4 (10-25 bar) (activity of Mn is considered 
to be one). The Mn diffusion coefficient (DMn) in α-iron at 800°C is 6-13×10-16 cm2s-1 [Ku82] and 
both Mn external oxidation as well as internal oxidation are expected. It was found that alloys 
with either a relatively low Mn content (less than 20 wt. %) or a high Mn content (more than 40 wt. 
%) display a similar oxidation behaviour in air, in temperature range 600-1000°C, like pure 
metals, Fe and Mn, [Ja83]. In both cases multilayer oxide scales are formed: MO, M3O4, M2O3 
((Fe, Mn)O, (Fe, Mn)3O4 as well as Fe2O3 and Mn2O3). Diffusion of both Fe and Mn occurs 
in scales formed on Fe-Mn alloys where the Fe cation diffuses faster. According to 
thermodynamics, the formation of manganowustite (Fe, Mn)O is possible due to the complete 
miscibility of FeO and MnO [Pu84]. The formation of spinel, (Fe, Mn)3O4, can also take 
place since Fe3O4 can dissolve in excess of 50 mol % Mn3O4. If the solubility of Mn2O3 in 
Fe2O3 is exceeded the formation of Mn2O3 is possible as well. 
The chosen Fe-Mn alloys were annealed and preoxidized, and subsequently annealed in the 
reducing atmosphere and compared after analysing. 
 
 
5.2.2.1 Annealing of Fe-Mn alloys  
 
 
The XPS spectra of Mn2p, O1s and Fe2p obtained on the surfaces of Fe-Mn alloys after 
annealing only are presented in Figs. 5.57a-c. The Mn2p peak is at 641,3 eV and the O1s peak 
at 531 eV corresponding to the binding energies of both elements in MnO. The Fe2p peak at 
707,2 eV is characteristic for metallic Fe and these results correlate with thermodynamic 
stability of the oxides. The Mn peak intensity increases with increasing Mn content in the 
bulk. The Mn oxides are formed as small particles on the surface, differently distributed, 
indicating that oxidation is grain orientation dependent. More oxides are formed on alloys 
with a higher Mn content (FE-SEM images, Figs. 5.58a-d). 
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Fig. 5.57a: XPS spectra of Mn2p on the surfaces of Fe –Mn alloys after annealing in 5 vol. % 
H2-N2 at 820°C at dew point –30°C for 60 sec (Mn2p peak at 641,3 eV corresponds to Mn as 
MnO). 
 
Fig. 5.57b: XPS spectra of O1s on the surfaces of Fe –Mn alloys after annealing in 5 vol. % 
H2-N2 at 820°C at dew point –30°C for 60 sec. 
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Fig. 5.7c: XPS spectra of Fe2p on the surfaces of Fe –Mn alloys after annealing in 5 vol.% 
H2-N2 at 820°C at dew point –30°C for 60 sec (Fe2p peak at 707,2 eV corresponds to 
metallic Fe). 
 
Preferential growth of Mn oxides on some grains is observed from the FE-SEM images. The 
grain boundaries are also “decorated” with MnO. Left photos were obtained using the InLens 
detector and the right using the QBSD detector. 
 
 
Fig. 5.58a: FE-SEM image of Fe-0,3 wt. % Mn surface after annealing in 5 vol. % H2-N2 at 
820°C at dew point –30°C for 60 sec (MnO particles). 
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Fig. 5.58b: FE-SEM image of Fe-1 wt. % Mn surface after annealing in 5 vol. % H2-N2 at 
820°C at dew point –30°C for 60 sec (MnO particles). 
 
Fig. 5.58c: FE-SEM image of Fe-3 wt. % Mn surface after annealing in 5 vol. % H2-N2 at 
820°C at dew point –30°C for 60 sec (MnO particles). 
5 Results and discussion 141 
 
Fig. 5.58d: FE-SEM image of Fe-5 wt. % Mn surface after annealing in 5 vol. % H2-N2 at 
820°C at dew point –30°C for 60 sec (MnO particles). 
 
 
5.2.2.2 Preoxidizing and annealing of Fe-Mn alloys 
 
 
Oxidation in air at 700°C for 15, 30 and 60 sec, of Fe-0,3 wt. %, 1 wt. %, 3 wt. % and 5 wt. % Mn 
was conducted and the complex oxide scales were investigated using FE-SEM and XPS. 
These alloys showed different oxidation and reduction behaviour depending on the Mn bulk 
content and oxidation time. 
 
The XPS spectra observed on Fe-Mn surfaces after 15 sec oxidation in air (Figs. 5.9a-c) show 
that for all alloys, except Fe-1 wt. % Mn alloy, the maximum intensity of the Mn2p peak is at 
641,9 eV, corresponding to Mn as Mn2O3 or Mn3O4, the oxygen peak is at 531,8 eV and the Fe2p 
peak is at 711,2 eV indicating the presence of Fe2O3. On the alloy with 1 wt. % Mn, the Mn2p, 
O1s and Fe2p peaks are somewhat shifted. The Mn2p peak is detected at 641,5 eV, the O1s 
peak at 530,6 eV and the Fe2p peak at 710,3 eV, leading to the conclusion that Mn and Fe are 
present as (Fe, Mn)O. From the XPS results on Fe-0,3 wt. % Mn alloy it is found that the Mn 
signal disappears after 40 nm in depth and the signal of oxidized Fe after 100 nm of sputtering 
depth. In other alloys Mn is found throughout the sputter depth (100 nm). The XPS depth 
profiles of Fe-Mn alloys are presented in Figs. 5.60a-d. The Mn2p peak detected in the depth 
of Fe-0,3 wt. % Mn is very weak and no reliable information on the binding energy could be 
obtained. Due to the formation of both, FeO and MnO, manganowustite is expected on the 
5.2 Model alloys 142 
places where these two oxides are in contact while the rest of the surface is covered by fast 
growing Fe oxides. 
 
 
Fig. 5.59a: XPS spectra of Mn2p peak on the surfaces of  Fe –Mn alloys after 15 sec of 
oxidation in air at 700°C (Mn2p peak at 641,9 eV corresponds to Mn as Mn2O3 or Mn3O4). 
 
Fig. 5.59b: XPS spectra of O1s peak on the surfaces of Fe –Mn alloys after 15 sec of 
oxidation in air at 700°C. 
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Fig. 5.59c: XPS spectra of Fe2p peak on the surfaces of  Fe –Mn alloys after 15 sec of 
oxidation in air at 700°C (Fe2p peak at 711,2 eV corresponds to Fe as Fe2O3). 
 
The lower value of the binding energy of all Mn2p, O1s and Fe2p peaks on the Fe-1 wt. % Mn 
alloy, belonging to FeO and MnO, indicates a somewhat different behaviour for this alloy, 
compared to the others. The higher Mn content, 1 wt % Mn, leads to the formation of more 
(Fe, Mn)O and less pure Fe oxide compared to the 0,3 wt. % Mn alloy. Increasing the Mn 
content (3 wt. %) in the alloy results in the formation of (Fe, Mn)O as well as (Fe, Mn)3O4 
and Fe2O3 oxide layers. Fe2O3 is mostly formed at grain boundaries since they are easy 
diffusion paths for both Fe cations and oxygen anions. In the alloy with 5 wt. % Mn a higher 
amount of Mn, relative to other Fe-Mn alloys, results in the Mn incorporation in Fe2O3 layer. 
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Fig. 5.60a: XPS depth profiles of Mn2p, Fe2p, O1s and C1s on Fe-0,3 wt. % Mn oxidized in 
air at 700°C for 15 sec. 
 
Fig. 5.60b: XPS depth profiles of Mn2p, Fe2p, O1s and C1s on Fe-1 wt. % Mn oxidized in 
air at 700°C for 15 sec. 
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Fig. 5.60c: XPS depth profiles of Mn2p, Fe2p, O1s and C1s on Fe-3 wt. % Mn oxidized in 
air at 700°C for 15 sec. 
 
Fig. 5.60d: XPS depth profiles of Mn2p, Fe2p, O1s and C1s on Fe-5 wt. % Mn oxidized in 
air at 700°C for 15 sec. 
 
The best reduction, after annealing in 5 vol. % H2-N2 at 820°C at dew point –30°C, is 
obtained on Fe-0,3 wt. % Mn (XPS depth profiles in Figs. 5.61a-c). The oxide scale on 
alloy with 1 wt. % Mn is strongly reduced but only in the first 30 nm (XPS measurement), 
which is somewhat less than that on Fe-0,3 wt. % Mn (100 nm and more) but also less than that 
observed for Fe-3 wt. % Mn (around 60 nm). This can be explained by the formation of more 
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manganowustite on the Fe-1 wt. % Mn compared to the alloy with 0,3 wt. % Mn. The solid 
solution of MnO-FeO can be converted to MnO and metallic Fe at higher temperatures 
(1273 K) and lower partial pressures of oxygen (10-16) [Te83]. The conditions utilized in 
this study have lower T but also much lower p(O2), hence some reduction of MnO-FeO takes 
place. An XPS depth profile on Fe-5 wt. % Mn alloy could not be observed since the oxide 
layer detached from the surface after reduction. 
 
 
Fig. 5.61a: XPS depth profiles of Mn2p, Fe2p, O1s and C1s on Fe-0,3 wt. % Mn, reduced in 
the annealing cycle, after oxidizing for 15 sec in air at 700°C. 
 
Fig. 5.61b: XPS depth profiles of Mn2p, Fe2p, O1s and C1s on Fe-1 wt. % Mn, reduced in 
the annealing cycle, after oxidizing for 15 sec in air at 700°C. 
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Fig. 5.61c: XPS depth profiles of Mn2p, Fe2p, O1s and C1s on Fe-3 wt. % Mn, reduced in 
the annealing cycle, after oxidizing for 15 sec in air at 700°C. 
 
The oxidation for 60 sec in air leads to the formation of thicker Fe oxide on all alloys. FE-SEM 
images of alloys after 60 sec oxidation are presented in Figs. 5.62a-d. Morphologically, the 
surfaces of Fe-0,3 wt. % Mn and 3 wt. % Mn are quite similar as well as the surfaces of 
Fe-1 wt. % Mn and Fe-5 wt. % Mn. 
 
Fig. 5.62a: FE-SEM image of Fe-0,3 wt. % Mn 
surface after 60 sec of oxidation in air at 700°C. 
Fig. 5.62b: FE-SEM image of Fe-1 wt. % Mn 
surface after 60 sec of oxidation in air at 700°C. 
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Fig. 5.62c: FE-SEM image of Fe-3 wt. % Mn 
surface after 60 sec of oxidation in air at 700°C. 
Fig. 5.62d: FE-SEM image of Fe-5 wt. % Mn 
surface after 60 sec of oxidation in air at 700°C. 
 
EDX analysis of the samples indicates a higher Fe concentration in the bright areas and higher 
Mn concentrations in the dark areas (Figs.5.62 b and d). It can be concluded that the surfaces 
are covered with an inhomogeneous layers of Fe and Mn rich oxides. 
 
XPS spectra of Mn2p and Fe2p on different alloys, after 60 sec of oxidation, are presented in 
Figs. 5.63a, b. The absence of Mn2p peak in the case of Fe-0,3 wt. % Mn is due to a low 
concentration in the scale but since this layer could not be completely reduced, probably due 
to the additional thick Fe oxide scale that is formed as well. 
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Fig. 5.63a: XPS spectra of Mn2p peak on the surfaces of Fe –Mn alloys after 60 sec of 
oxidation in air at 700°C (Mn2p peak at about 641,5 eV corresponds to Mn as Mn2O3 or 
Mn3O4 and the peak at 641,4 eV to Mn as MnO). 
 
Fig. 5.63b: XPS spectra of Fe2p peak on the surfaces of Fe –Mn alloys after 60 sec of 
oxidation in air at 700°C (Fe2p peak at 710,6 eV to Fe as Fe2O3 or Fe3O4). 
 
The synchroton XRD pattern of Fe-1 wt. % Mn alloy confirms the presence of Fe oxide and 
Mn oxide, as well as manganowustite, Fig. 5.64. 
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Fig. 5.64: Synchrotron XRD pattern of Fe-1 wt. % Mn alloy oxidized for 60 sec in air at 
700°C. 
 
Reduction of Fe oxides, especially at the grain boundaries, is observed on alloys with 0,3 wt. 
% and 3 wt. % Mn. FE-SEM images in Figs. 5.65a and c show the bright areas which correspond 
to metallic Fe. Figs. 5.65b and d show the surfaces of Fe-1 wt. % and 5 wt. % Mn alloys. The 
darker areas are unreduced (Fe, Mn)3O4 or Fe2O3 with Mn incorporated while the brighter 
areas correspond to reduced Fe oxides. 
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Fig. 5.65a: FE-SEM image of Fe-0,3 wt. % 
Mn surface annealed, reduced, after 60 sec 
of oxidation in air at 700°C. 
Fig. 5.65b: FE-SEM image of Fe-1 wt. % Mn 
surface, annealed, reduced, after 60 sec of 
oxidation in air at 700°C. 
 
Fig. 5.65c: FE-SEM image of Fe-3 wt. % 
Mn surface annealed, reduced, after 60 sec 
of oxidation in air at 700°C. 
Fig. 5.65d: FE-SEM image of Fe-5 wt. % Mn 
surface annealed, reduced, after 60 sec of 
oxidation in air at 700°C. 
 
Synchrotron XRD pattern obtained after annealing (reduction) of Fe-0,3 wt. % Mn and 
Fe-5 wt. % Mn are displayed in Figs. 5.66 and 5.67. 
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Fig. 5.66: Synchrotron XRD pattern of Fe-0,3 wt. % Mn alloy reduced in 5 vol. % H2-N2 at 
820°C at dew point –30°C for 60 sec, after 60 sec of oxidation in air at 700°C. 
 
 
Fig. 5.67: Synchrotron XRD pattern of Fe-5 wt. % Mn alloy reduced in 5 vol. % H2-N2 at 
820°C at dew point –30°C for 60 sec after 60 sec, of oxidation in air at 700°C. 
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It can be seen that (Fe, Mn)O is not completely reduced in the annealing cycle. With 
increasing Mn content in the alloy even some amounts of pure Mn oxides are found on the 
surface, e.g. after annealing of 5 wt. % Mn alloy (Fig. 5.67). The oxide scale on Fe-5 wt. % 
Mn reduced after 60 sec oxidation was able to be detached and the surface morphology 
observed below the scale is shown in Fig. 5.68. 
 
 
Fig. 5.68: The metal/oxide interface on Fe-5 wt. % Mn, below the oxide scale, after reduction 
(mostly MnO and some FeO are present on the surface). 
 
On this interface the Mn2p peak is found at 640,5 eV and corresponds to Mn as MnO. Some 
oxidized Fe on the surface was also detected, Fe2p peak at 709,4 eV (FeO). Oxidized Fe was 
observed to the depth of 15 nm. The reason for the easily detaching scales on Fe-Mn alloys, 
especially on alloys with higher Mn content, is the formation of voids beneath the scale, 
caused by the outward migration of Fe2+ and Mn2+ cations. Although internal oxidation could 
not be confirmed, but according to Jackson et al., when oxidized in air at 700°C, internally 
formed (Fe, Mn)O oxides are expected in Fe-Mn alloys [Ja83]. 
 
A summary of the results of oxidation behaviour on the Fe-Mn alloy only annealed and 
oxidized and annealed (reduced) is presented in Table 5.6. 
 
Wetting tests, with Zn in a spin coater, on the surfaces of oxidized and annealed alloys are 
shown in APPENDIX II (Figs. 10a, b and 11a, b). An excellent wettability is observed on the 
surface of Fe-0,3 wt. % Mn oxidized for 60 sec and reduced in the annealing cycle. The 
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surface is covered with metallic Fe. The Fe-5 wt. % Mn alloy shows acceptable wetting by 
Zn, although it was covered not only with metallic Fe but also with some unreduced Mn 
oxides and Fe oxides containing Mn. 
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Table 5.6: A schematic overview of the surfaces of Fe-Mn alloys only annealed and oxidized and annealed: 
 
Applied treatment 
Annealing in 5 % H2-N2 at 820°C at dew 
point –30°C for 60 sec 
Oxidation in air at 700°C for 60 sec Annealing in 5 % H2-N2 at 820°C at dew point –30°C 
for 60 sec, after oxidation in air at 700°C for 60 sec 
MnO
Fe-0,3 wt. % Mn  
Externally formed MnO  
and some internal MnO. 
(Fe, Mn)O
Fe-0,3 wt. % Mn
(Fe, Mn)O
Fe oxide
 
Fe oxide and manganowustite, internal (Fe, Mn)O.
(Fe, Mn)O
Fe-0,3 wt. % Mn
(Fe, Mn)O
Fe oxide
Metallic Fe
 
Metallic Fe at oxide/gas interface, Fe oxides and 
manganowustite at alloy/oxide interface and internal 
(Fe, Mn)O. 
MnO
Fe-1 wt. % Mn  
Externally formed MnO  
and some internal MnO. 
Fe-1 wt. % Mn
(Fe, Mn)OFe oxide (Fe, Mn)O
 
Fe oxide, Mn oxide, manganowustite and 
internal (Fe, Mn)O. 
Fe-1 wt. % Mn
(Fe, Mn)OFe oxide
Metallic Fe
(Fe, Mn)O
 
Metallic Fe at oxide/gas interface, Fe oxides and 
manganowustite at alloy/oxide interface and internal 
(Fe, Mn)O. 
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MnO
Fe-3 wt. % Mn  
Externally formed MnO 
and some internal MnO. 
Fe-3 wt. % Mn
(Fe, Mn)O(Fe, Mn)3O4
Fe oxide
(Fe, Mn)O
 
Fe oxide, (Fe, Mn)3O4, manganowustite and 
internal (Fe, Mn)O. 
Fe-3 wt. % Mn
(Fe, Mn)O(Fe, Mn)3O4Fe oxide
Metallic Fe
(Fe, Mn)O
 
Metallic Fe at oxide/gas interface, Fe oxides, 
manganowustite and (Fe, Mn)3O4 at alloy/oxide 
interface and internal (Fe, Mn)O. 
MnO
Fe-5 wt. % Mn  
Externally formed MnO 
and some internal MnO. 
Fe-5 wt. % Mn
(Fe, Mn)O(Fe, Mn)3O4
Fe oxide
(Fe, Mn)O
 
Fe oxide, (Fe, Mn)3O4, manganowustite and 
internal (Fe, Mn)O. 
Fe-5 wt. % Mn
(Fe, Mn)O(Fe, Mn)3O4
Fe oxide
Reduced Fe oxide with
some Mn incorporated
(Fe, Mn)O
 
Reduced Fe oxide with some Mn at oxide/gas 
interface. 
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5.2.3 Fe-Al alloys 
 
 
Of all the chosen alloying elements in the investigated model alloys, Al has the highest 
affinity to oxygen. It is practically impossible to achieve the conditions which would avoid 
aluminium oxidation. The equilibrium partial pressure of oxygen for the formation of Al2O3 
,at 820°C, is 3,87×10-43 bar (the activity of Al is considered to be one) and is much lower than 
the equilibrium partial pressure of oxygen in the annealing gas at dew point –30°C. Below 
900-950°C alumina is generally formed as γ-Al2O3 and at higher temperatures as α-Al2O3. The 
formation of metastable θ-Al2O3 or δ-Al2O3 is expected at temperatures below 800-900°C 
[Kof88]. Several Fe-Al alloys were oxidized at 700°C for different times and subsequently 
annealed. In addition, only annealing experiments were also conducted. The exposed samples 
were investigated using FE-SEM with EDX and XPS analysis. 
 
 
5.2.3.1 Annealing of Fe-Al alloys 
 
 
After annealing of the Fe-Al alloys, at dew point –30°C at 820°C for 60 sec, metallic Fe and 
Al - oxides (XPS spectra in Figs. 5.69a-c) are detected on the surfaces. 
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Fig. 5.69a: XPS spectra of Al2p on the surfaces of Fe –Al alloys after annealing in 5 vol. % 
H2-N2 at 820°C at dew point –30°C for 60 sec (Al2p on 74,1 eV corresponds to γ-Al2O3 while 
Al2p peak on alloys with 3 and 5 wt. % Al is at a higher binding energy). 
 
Fig. 5.69b: XPS spectra of O1s on the surfaces of Fe –Al alloys after annealing in 5 vol. % H2-N2 at 
820°C at dew point –30°C for 60 sec. 
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Fig. 5.69c: XPS spectra of Fe2p on the surfaces of Fe –Al alloys after annealing in 5 vol. % H2-N2 at 
820°C at dew point –30°C for 60 sec (Fe2p peak is at the same binding energy on all investigated 
Fe-Al alloys and corresponds to metallic Fe). 
 
 
In contrast to the annealed Fe-Si and Fe-Mn alloys, where the peak of Si2p and Mn2p on 
different alloys after annealing is detected at the same binding energy, Fe-Al alloys behave 
differently. This oxidation behaviour of Fe-Al alloys during the annealing is confirmed by 
FE-SEM (Figs. 5.70a-d). The left images are obtained by using an InLens detector and the 
right images by using a QBSD detector. On the surface of Fe-0,1 wt. % Al small Al oxides 
are visible after annealing. The Al2p peak is at 74,1 eV and belongs to Al as γ-Al2O3 [Mo92]. 
The surface of Fe-1 wt. % Al looks different and it is more likely that a thin γ-Al2O3 oxide layer 
formed. Only on few places (Fig. 5.70b) can some small nodules be seen. The Al2p is at the 
same energy as in the case of Fe-0,1 wt. % Al alloy, but the shape of the peak differs to some 
extent (Fig. 5.69 a). With further increasing of Al in the alloy more of the oxide nodule 
particles are found on the surface but no enrichment of oxides at the grain boundaries is 
observed. On the alloys with 3 wt. % and 5 wt. % Al the Al2p peak is at higher binding 
energy, around 75 eV. This energy corresponds also to Al2p as Al2O3 but the lack of XPS 
data makes it difficult to state the modification of oxide. The surfaces observed with FE-SEM, 
at higher magnification, are shown in Figs. 5.71a-d. It seems that a thin layer of Al oxide is 
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formed on alloys with more than 0,1 wt. % Al, while on the alloy with 0,1 wt. % Al only 
oxide islands are found. The growth of aluminium nodular oxide particles starts on alloy with 
1 wt. % Al and the size and number of these oxides increase with increased Al content.  
 
 
Fig. 5.70a: The surface of Fe-0,1 wt. % Al after annealing in 5 vol. % H2-N2 at 820°C at 
dew point –30°C for 60 sec (small γ-Al2O3 oxide islands). 
 
Fig. 5.70b: The surface of Fe-1 wt. % Al after annealing in 5 vol. % H2-N2 at 820°C at dew 
point –30°C for 60 sec (thin γ-Al2O3 layer and few nodular Al2O3 oxides). 
5 Results and discussion 161 
 
Fig. 5.70c: The surface of Fe-3 wt. % Al after annealing in 5 vol. % H2-N2 at 820°C at dew 
point –30°C for 60 sec (thin γ-Al2O3 layer and nodular Al2O3 oxides). 
 
Fig. 5.70d: The surface of Fe-5 wt. % Al after annealing in 5 vol. % H2-N2 at 820°C at dew 
point –30°C for 60 sec (thin γ-Al2O3 layer and few nodular Al2O3 oxides). 
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Fig. 5.71a: FE-SEM image of the Fe-0,1 wt. % 
Al surface after annealing in 5 vol. % H2-N2 at 
820°C at dew point –30°C for 60 sec. 
Fig. 5.71b: FE-SEM image of the Fe-1 wt. % Al 
surface after annealing in 5 vol. % H2-N2 at 
820°C at dew point –30°C for 60 sec. 
 
Fig. 5.71c: FE-SEM image of the Fe-3 wt. % 
Al surface after annealing in 5 vol. % H2-N2 
at 820°C at dew point –30°C for 60 sec. 
Fig. 5.71d: FE-SEM image of the Fe-5 wt. % Al 
surface after annealing in 5 vol. % H2-N2 at 
820°C at dew point –30°C for 60 sec. 
 
Using FE-SEM with EBSD, a pattern of a particle on the Fe-5 wt. % Al could be obtained 
(Fig. 5.72). It corresponds to alumina but it is not possible to define the modification of 
alumina by EBSD. A pattern on the surfaces of Fe with 1 wt. % and 3 wt. % Al could not be 
obtained, indicating that the thickness of the formed alumina layer is less than 50 nm. 
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Fig. 5.72: EBSD pattern of alumina particle on the surface of Fe-5 wt. % Al after annealing in 
5 vol. % H2-N2 at 820°C at dew point –30°C for 60 sec. 
 
 
5.2.3.2 Preoxidizing and annealing of Fe-Al alloys 
 
 
After short oxidation time (15 sec) at 700°C in air, iron oxides are mostly formed on the 
surfaces of all the investigated Fe-Al alloys. FE-SEM images are presented in Figs. 5.73a-d. It 
can be seen that the morphology of the formed oxides differs slightly with increasing Al 
content in alloy. 
 
 
Fig. 5.73a: FE-SEM image of the Fe-0,1 wt. % 
surface after 15 sec oxidation in air at 700°C. 
Fig. 5.73b: FE-SEM image of the Fe-1 wt. % 
surface after 15 sec oxidation in air at 700°C. 
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Fig. 5.73c: FE-SEM image of the Fe-3 wt. % Al 
surface after 15 sec oxidation in air at 700°C. 
Fig. 5.73d: FE-SEM image of the Fe-5 wt. % Al 
surface after 15 sec oxidation in air at 700°C. 
 
The XPS analysis (Figs. 5.74a-c) shows no difference between iron and oxygen peaks on the 
different Fe-Al alloys, while from the Al2p signal is not possible to state whether it is present 
in the oxide layer or not. The oxygen peak is present at 530,9 eV binding energy and thus 
belongs to oxygen as Fe2O3. This is in accordance with the iron peak at 710,5 eV, that also 
corresponds to iron as Fe2O3. No changes in the Al signal are observed on Fe-0,1 wt. % Al 
and Fe-1 wt. % Al alloys in depth, indicating that the Fe - oxide formed on these two alloys is 
more than 170 nm thick. Changes in Al signal with sputter depth on Fe-3 wt. % Al and Fe-5 wt. % 
Al alloys are observed (Figs. 5.75a, b) as on both alloys metallic Al is found at 40 nm in 
depth. For the Fe-3 wt. % Al alloy metallic Al appears at 40 nm depth together with oxidized 
but no oxidized Al is observed after 70 nm. On Fe-5 wt. % Al some oxidized Al is still 
present, together with metallic Al, at 170 nm. After 40 nm depth only metallic Fe is found on 
both alloys. 
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Fig. 5.74a: XPS spectra of O1s on the surfaces of Fe-Al alloys after 15 sec oxidation in air 
at 700°C. 
 
Fig. 5.74b: XPS spectra of O1s on the surfaces of Fe-Al alloys after 15 sec oxidation in air 
at 700°C. 
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Fig. 5.74c: XPS spectra of Fe2p on the surfaces of Fe-Al alloys after 15 sec oxidation in 
air at 700°C. 
 
Fig. 5.75a: XPS spectra of Al2p in depth on Fe – 3 wt. % Al alloy after 15 sec oxidation in 
air at 700°C. 
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Fig. 5.75b: XPS spectra of Al2p in depth on Fe – 5 wt. % Al alloy after 15 sec oxidation 
in air at 700°C. 
 
According to the phase diagram [Ve95], at 700°C in air, FeAl2O4 is also a stable phase on 
alloys with Al contents corresponding to those of the chosen Fe-Al alloys. 
 
Reduction in the annealing cycle, at dew point –30°C at 820°C, confirmed that only iron 
oxides are reduced (Figs. 5.76a-d). 
 
 
Fig. 5.76a: FE-SEM image of the Fe-0,1 wt. % Al 
surface reduced after 15 sec oxidation in air 
at 700°C. 
Fig. 5.76b: FE-SEM image of the Fe-1 wt. % Al 
surface reduced after 15 sec oxidation in air 
at 700°C. 
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Fig. 5.76c: FE-SEM image of the Fe-3 wt. % Al 
surface reduced after 15 sec oxidation in air at 
700°C. 
Fig. 5.76d: FE-SEM image of the Fe-5 wt. % Al 
surface reduced after 15 sec oxidation in air at 
700°C. 
 
The area of the surface covered with metallic Fe decreases with increasing Al content in the 
alloy and indicates a formation of non uniform Fe – oxide layer on the alloys with 3 wt. % and 5 
wt. % Al after short exposure times. Some parts of the surface are covered with Fe - oxides 
and other parts with either Al2O3 or FeAl2O4, overgrown by fast growing Fe - oxides. On the 
alloys with low Al content (0,1 wt. % and 1 wt. % Al) only the metallic Fe signal is detected 
by XPS measurements, but both oxidized Al and metallic Fe on alloys with higher aluminium 
content (Figs. 5.77a-c). EBSD measurements confirmed that the particles on the surface of 
Fe-5 wt. % Al are metallic Fe (Fig. 5.78a) and the rest of the surface is an iron-aluminium 
oxide (Fig. 5.78b). 
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Fig. 5.77a: XPS spectra of Al2p on the surfaces of Fe –Al alloys annealed in 5 vol. % H2-N2 at 
820°C at dew point –30°C for 60 sec, after 15 sec oxidation in air at 700°C (Al2p peak at 
75,2 eV corresponds to al as Al2O3). 
 
Fig. 5.77b: XPS spectra of O1s on the surfaces of Fe –Al alloys annealed in 5 vol. % H2-N2 at 
820°C at dew point –30°C for 60 sec, after 15 sec oxidation in air at 700°C. 
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Fig. 5.77c: XPS spectrum of Fe2p on the surfaces of Fe –Al alloys annealed in 5 vol. % H2-N2 at 
820°C at dew point –30°C for 60 sec, after 15 sec oxidation in air at 700°C (Fe2p peat at 707 
eV corresponds to metallic Fe). 
 
Fig. 5.78a: EBSD pattern of an iron (alpha) particle on the surface of Fe-5 wt. % Al annealed 
in 5 vol. % H2-N2 at 820°C at dew point –30°C for 60 sec, after 15 sec oxidation in air at 
700°C. 
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Fig. 5.78b: EBSD pattern of iron –aluminium oxide on the surface of Fe-5 wt. % Al, reduced 
in 5 vol. % H2-N2 at 820°C at dew point –30°C for 60 sec, after 15 sec oxidation in air at 
700°C. 
 
During the annealing (reduction) the Fe2O3 is reduced to metallic Fe and in the areas, where 
this oxide has overgrown FeAl2O4, the signal of oxidized Al appears after the reduction. On 
both alloys oxidized Al is detected in depth. Appearance of only the metallic Fe signal 
observed by XPS, although iron – aluminium oxide is detected by EBSD, can be explained by 
the difference in depth resolution of XPS and EBSD measurements. 
 
Increasing oxidation time to 60 sec leads to a coverage of the surfaces of Fe with 0,1 wt. % 
and 1 wt. % Al with iron oxides only. These surface oxides look very similar to those formed 
after 15 sec of oxidation (Figs. 5.79a-d). 
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Fig. 5.79a: FE-SEM image of the Fe-0,1 wt. % 
Al surface after 60 sec oxidation in air at 700°C. 
Fig. 5.79b: FE-SEM image of the Fe-1 wt. % Al 
surface after 60 sec oxidation in air at 700°C. 
 
Fig. 5.79c: FE-SEM image of the Fe-3 wt. % Al 
surface after 60 sec oxidation in air at 700°C. 
Fig. 5.79d: FE-SEM image of the Fe-5 wt. % Al 
surface after 60 sec oxidation in air at 700°C. 
 
An exception to this oxidation behaviour is observed on alloys with higher Al content (3 wt. % and 
5 wt. % Al). From FE-SEM images it can be concluded that areas with thicker oxides are 
formed locally (Figs 5.79c and d), whilst XPS analysis (Figs. 5.80a-c) shows no pronounced 
Al signal on these surfaces, indicating the presence of Fe-oxides only. The iron is in the 
oxidized state and Fe2p peak is at binding energy of 710,8 eV corresponding to Fe as Fe2O3. 
The oxygen peak is also at the energy characteristic for oxygen as Fe2O3 (at 530,7 eV). 
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Fig. 5.80a: XPS spectra of Al2p on the surfaces of Fe –Al alloys after 60 sec oxidation in 
air at 700°C. 
 
Fig. 5.80b: XPS spectra of O1s on the surfaces of Fe –Al alloys after 60 sec oxidation in 
air at 700°C. 
5.2 Model alloys 174 
 
Fig. 5.80c: XPS spectra of Fe2p on the surfaces of Fe –Al alloys after 60 sec oxidation in 
air at 700°C. 
 
During annealing, iron oxide is reduced to metallic Fe (as seen in Figs. 5.81a-d) in connection 
with XPS spectra, shown by Figs. 5.82a-c, the signal of Al in oxidized state appears on Fe-3 
wt. % Al and Fe-5 wt. % Al alloys. 
 
 
Fig. 5.81a: FE-SEM image of the Fe-0,1 wt. % Al 
surface reduced in 5 vol. % H2-N2 at dew point –
30°C for 60 sec, after 60 sec oxidation in air 
at 700°C. 
Fig. 5.81b: FE-SEM image of the Fe-1 wt. % Al 
surface reduced in 5 vol. % H2-N2 at dew point 
–30°C for 60 sec, after 60 sec oxidation in 
air at 700°C. 
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Fig. 5.81c: FE-SEM image of the Fe-3 wt. % Al 
surface reduced in 5 vol. % H2-N2 at dew point 
–30°C for 60 sec, after 60 sec oxidation in 
air at 700°C. 
Fig. 5.81d: FE-SEM image of the Fe-5 wt. % Al 
surface reduced in 5 vol. % H2-N2 at dew point 
–30°C for 60 sec, after 60 sec oxidation in 
air at 700°C. 
 
 
Fig. 5.82a: XPS spectra of Al2p on the surfaces of Fe –Al alloys annealed in 5 vol. % H2-N2 
at 820°C at dew point –30°C for 60 sec, after 60 sec oxidation in air at 700°C. 
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Fig. 5.82b: XPS spectra of O1s on the surfaces of Fe –Al alloys annealed in 5 vol. % H2-N2 at 
820°C at dew point –30°C for 60 sec, after 60 sec oxidation in air at 700°C. 
 
Fig. 5.82c: XPS spectra of Fe2p on the surfaces of Fe –Al alloys annealed in 5 vol. % H2-N2 at 
820°C at dew point –30°C for 60 sec, after 60 sec oxidation in air at 700°C. 
 
The presence of Al rich areas, especially at grain boundaries, on alloys with 3 wt. % and 5 wt. % Al 
after annealing, is confirmed by EDX mapping on Fe-5 wt. % Al (Fig. 5.83). 
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Al map. 
 
O map 
Fig. 5.83: EDX mapping on Fe-5 wt. % Al annealed in 5 vol. % H2-N2 at 820°C at dew point –
30°C for 60 sec, after 60 sec oxidation in air at 700°C (bright areas correspond to stronger signal of 
element). 
 
The Al is present (after 60 sec oxidation) in areas where thinner oxide layers form, but the Al 
amount is probably below the limit of the XPS and could not be detected. The main difference 
in the alloys oxidized for 15 sec and 60 sec is the thickness of the fast growing Fe – oxide 
layer. After the reduction, more of the surface is covered with metallic Fe on the alloys with 
lower Al content, oxidized for 60 sec. On the alloys with higher Al content (3 and 5 wt. %) on 
the places where a very thin Fe – oxide has overgrown FeAl2O4 formed below, areas covered 
with oxide appear, explaining the Al signal detected on these surfaces after reduction. 
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The summarized results of oxidation behaviour of the Fe-Al alloys, annealed and oxidized 
and annealed (reduced) are displayed in Table 5.7. 
Wettability tests with Zn in a spin coater on the surfaces of oxidized and annealed Fe-Al alloys 
are outlined in APPENDIX II (Figs. 12a, b and 13a, b). The surface of the Fe - 0,1 wt. % Al exhibits a 
very good wettability, due to being covered by metallic Fe after the annealing. The surface of 
the Fe – 5 wt. % Al shows comparatively poor wetting as the surface is covered with metallic 
Fe and iron-aluminium oxide after annealing. 
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Table 5.7: A schematic overview of the surfaces of Fe-Al alloys only annealed and oxidized and annealed: 
 
Applied treatment 
Annealing in 5 % H2-N2 at 820°C at dew point 
–30°C for 60 sec 
Oxidation in air at 700°C for 60 sec Annealing in 5 % H2-N2 at 820°C at dew point 
–30°C for 60 sec, after oxidation in air at 
700°C for 60 sec 
Al2O3
Fe-0,1 wt. % Al  
Externally formed Al2O3  
and some internal Al2O3. 
FeAl2O4 or Al2O3
Fe-0,1 wt. % Al
Fe - oxideFeAl2O4
 
Fe oxide and FeAl2O4 at alloy/oxide 
interface and internally formed FeAl2O4 or 
Al2O3. 
FeAl2O4 or Al2O3
Fe-0,1 wt. % Al
Metallic FeFeAl2O4 Fe-oxide
 
Metallic Fe at oxide/gas interface, Fe oxides 
and FeAl2O4 at alloy/oxide interface and 
internally formed FeAl2O4 or Al2O3. 
Fe-1 wt. % Al
Al2O3
 
Externally formed Al2O3 thin layer and some 
internal Al2O3. 
Fe-1 wt. % Al
Fe - oxideFeAl2O4 FeAl2O4 or Al2O3
 
Fe oxide and FeAl2O4 at alloy/oxide 
interface and internally formed FeAl2O4 or 
Al2O3. 
Fe-1 wt. % Al
Fe - oxideFeAl2O4 Metallic Fe
FeAl2O4 or Al2O3
 
Metallic Fe at oxide/gas interface, Fe oxides 
and FeAl2O4 at alloy/oxide interface and 
internally formed FeAl2O4 or Al2O3. 
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Fe-3 wt. % Al
Al2O3
 
Externally formed Al2O3 thin layer and 
particles and some internal Al2O3. 
Fe-3 wt. % Al
Fe - oxideFeAl2O4 FeAl2O4 or Al2O3
 
Fe oxide and FeAl2O4 at alloy/oxide 
interface and internally formed FeAl2O4 or 
Al2O3. 
Fe-3 wt. % Al
Metallic FeFeAl2O4 FeAl2O4 or Al2O3
 
Metallic Fe at oxide/gas interface, FeAl2O4 at 
alloy/oxide interface and internally formed 
FeAl2O4 or Al2O3. 
Fe-5 wt. % Al
Al2O3
 
Externally formed Al2O3 thin layer and 
particles and some internal Al2O3. 
Fe-5 wt. % Al
Fe - oxideFeAl2O4 FeAl2O4 or Al2O3
 
Fe oxide and FeAl2O4 at alloy/oxide 
interface and internally formed FeAl2O4 or 
Al2O3. 
Fe-5 wt. % Al
Metallic FeFeAl2O4 FeAl2O4 or Al2O3
 
Metallic Fe at oxide/gas interface, FeAl2O4 at 
alloy/oxide interface and internally formed 
FeAl2O4 or Al2O3. 
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5.2.4 Conclusions 
 
 
In the following a short summary will be given describing the oxidation behaviour of different 
Fe-Si, Fe-Mn and Fe-Al alloys during the annealing and formation of complex oxide layers 
during the oxidation in air at 700°C. 
 
 
5.2.4.1 Only annealing 
 
 
After annealing in 5 vol. % H2-N2 at 820°C at dew point – 30°C for 60 sec on the surfaces of 
all investigated model alloys, Fe-Si, Fe-Mn and Fe-Al, the oxides: SiO2, MnO and Al2O3 are 
present, either as oxide particles, thin layer or nodular oxides. On the Fe-Si alloys with lower 
Si content, discrete SiO2 particles are formed on the surface and in the interior, while on the 
alloys with higher % Si (3 and 5 wt. %) a nearly continuous silica layer is found. There is a 
critical concentration of Si (about 3 wt. %) above which the formation of silica layer in 
preference to SiO2 particles. Since the samples are hot rolled and coarse grained, full coverage 
of the surface with a layer was not achieved (there are not sufficient grain boundaries for the 
fast diffusion transport of Si to the surface). Internal oxidation of these alloys is possible and 
the internally formed oxide will be SiO2. 
 
On the Fe-Al alloy with 0,1 wt. % Al the formation of γ-Al2O3 particles is observed. By 
increasing the Al content (1 wt. %) a concentration of Al needed for a formation of thin γ-Al2O3 
layer is reached. This layer is also not continuous. On the alloys with 3 and 5 wt. % Al, in addition to 
this thin γ-Al2O3 layer, a growth of nodular alumina particles takes place. Since the system is 
at a lower temperature than the one needed for the formation of a stable α- Al2O3 the 
transition of metastable γ-Al2O3 to δ-Al2O3 or θ-Al2O3 is expected. The critical concentration 
of Al in the bulk for this transition is between 1 and 3 wt. %. Also the internal Al2O3 will 
form. 
 
On the Fe-Mn alloys, even on alloys with higher Mn content (3 and 5 wt. %) only particles of 
MnO are observed and no oxide layer. A very strong dependence of oxide nucleation on the 
grain orientation is detected on these alloys. The internal MnO will be formed as well. 
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5.2.4.2 Preoxidation and annealing/reduction 
 
 
The preoxidation process included heating of the samples in air to 700°C and holding at this 
temperature for different times, 15, 30 and 60 sec respectively. After preoxidation the samples 
were subsequently annealed in 5 vol. % H2-N2 at dew point –30°C at 820°C for 60 sec.  
 
Oxidation in air at 700°C resulted in a different surface chemistry and morphology. On the 
Fe-Si alloys with less than 3 wt. %Si, formation of Fe oxides and fayalite is expected and 
after short time of oxidation (15 sec) coverage of these alloys partially by Fe oxides and 
partially by fayalite was observed. With increasing Si content (3 wt. %) a stable SiO2 layer is 
also present on the surface. During the subsequent annealing in 5 vol. % H2-N2 the Fe oxides 
are reduced. An increase of the oxidation time (60 sec) leads to a further growth of Fe oxides 
and in the case of Fe-1 % Si alloy, after annealing a spongy metallic Fe is formed on the top 
of the oxide scale. The alloy with 5 wt. % Si shows almost no reduction since a continuous 
silica layer covers the surface. The oxygen partial pressure is high enough for a formation of 
fayalite, Fe2SiO4, as internal oxide. 
 
On Fe-Mn alloys complex oxide layers are also formed during the oxidation. Multilayered 
oxide scales, MO, M2O3 and M3O4 are formed on the Fe-Mn alloys even after short oxidation 
times, since Fe oxides and Mn oxides readily form solid solutions. The solid solution of 
higher oxides, e.g. (Fe, Mn)3O4 is reduced to (Fe, Mn)O, but no further reduction of this oxide 
during the annealing is observed. Fast diffusion of Mn easily occurs through the bulk and the 
oxide layers, so that “pure” Fe oxides are formed almost only at the oxide grain boundaries 
where the fast diffusion of iron and oxygen takes place. These areas are reduced during the 
annealing to metallic Fe. On none of the investigated Fe-Mn alloys is only metallic iron 
detected after the reduction. The internal oxide formed in these alloys is manganowustite, (Fe, 
Mn)O. 
 
After short oxidation times the surfaces of the Fe-Al alloys with less than 3 wt. % Al in the 
bulk are mostly covered by Fe-oxides, but also by FeAl2O4. With increasing % Al more 
FeAl2O4 is formed on the surface and less Fe-oxides. There is a critical bulk concentration of 
Al in the Fe-Al alloys, above which the formation of an alumina layer takes place, but since 
the layer is not continuous and the growth of Fe-oxides is fast, the surfaces of the alloys with 
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3 and 5 wt. % Al are also covered by FeAl2O4 oxides and Fe-oxides. Longer oxidation time 
leads to the overgrowth of FeAl2O4 by Fe-oxides on all alloys. After the reduction metallic Fe 
is found on the surfaces but also oxidized Al, especially on the surfaces with higher Al 
content (more than 3 wt. %). The internally formed oxide is FeAl2O4. 
 
During preoxidation of alloys with low Si and Al content (less than 3 wt. %) and long enough 
time (more than 15 sec) the surface is mostly covered by Fe-oxides which can be reduced to 
metallic Fe during the subsequent annealing in 5 vol. %H2-N2 atmosphere at dew point –30°C 
at 820°C. The surfaces of alloys with a higher amount of alloying element in the bulk, 3 and 5 
wt. % Si or Al, after preoxidation and annealing are mostly covered by unreduced silica 
and/or fayalite and alumina and/or hercynite (FeAl2O4). On the surfaces of all the investigated 
Fe-Mn alloys after preoxidation and annealing both, metallic Fe and unreduced Fe,Mn-oxides, 
are present. 
 
The surface chemistry plays an important role in the process of hot dip galvanizing in a Zn 
bath. Results of wettability tests (sessile Zn drop measurement) on oxidized and reduced 
surfaces of model alloys are shown in APPENDIX II (Figs 8a, b – 13a, b). In Table 5.8 the 
results of wettability tests with a Zn bath in a spin coater on some model alloys are 
summarized. The tests are conducted on alloys reduced in the annealing cycle, after 60 sec 
oxidation in air at 700°C. Wetting is done at 460°C at dew point –70°C for 3 sec. 
 
Table 5.8: Summarized results of wettability tests done with Zn bath in a spin coater on model 
alloys preoxidized for 60 sec in air at 700°C and then annealed in 5 vol. % H2-N2 at dew point 
–30°C at 820°C for 60 sec: 
 
Model alloys 
Wettability with Zn bath in spin coater at 460°C for 3 sec 
Fe-Si Fe-Mn Fe-Al 
Fe-1 wt. % Si Fe-5 wt. % Si Fe-1 wt. % Mn Fe-3 wt. % Mn Fe-0,1 wt. % Al Fe-5 wt. % Al
Excellent 
wettability 
Poor 
wettability 
Excellent 
wettability 
Good 
wettability 
Excellent 
wettability 
Poor 
wettability 
 
It can be concluded that in the case of alloys with a lower content of alloying element (Si and 
Al) preoxidation and reduction during annealing improve the wettability of the surface with 
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Zn bath when compared to the surfaces of only annealed alloys. In contrast the alloys with a 
higher content, 3 and 5 wt. %, show no significant improvement after preoxidation for 60 sec 
and subsequent annealing. Preoxidation and annealing of all investigated Fe-Mn alloys with 
low, as well as with high (5 wt. % Mn) resulted in improved surface wettability with a Zn 
bath, compared to only annealed surfaces. On all the investigated alloys the surface coverage 
by Fe – oxides after preoxidation in air (i. e. metallic Fe, after the annealing) increases with 
the oxidation time, since the time for iron oxides growth is longer. 
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5.3 Summary 
 
 
To achieve a good wettability of high strength steel sheets by Zn bath during hot dip 
galvanizing surface chemistry and morphology has to be controlled during annealing, before 
galvanizing. The aim of this work was to investigate the possibility of improving a wettability 
of steel surface by selective oxidation during the annealing of commercial steels (DP 500, Ti-
IF and TiNb-IF) in 5 % H2/N2 atmosphere at different dew points (-60, -30 and 0°C). As a 
promising tool for improving the surface wettability preoxidation in air, before annealing, was 
investigated on Fe-Si, Fe-Mn and Fe-Al model alloys. 
 
Annealing of commercial steels at 820°C in 5 vol. % H2-N2 atmosphere at different dew 
points confirmed that selective oxidation of the alloying elements, Mn, Al, Cr, Si, B and P, 
takes place. On all the investigated steels the highest external oxidation of Al is observed at 
low dew point (-60°C). The only detected Al oxide is Al2O3. External oxidation of Mn at this 
low dew point is also found and presence of MnO confirmed. Neither oxide of Cr nor of Si is 
found under these conditions. Some nitride particles (AlN and CrN on DP 500, and TiN on 
interstitial free steels) are detected as well. Formation of these nitrides is assumed to be due to 
the reaction of nitrogen segregated from the steel with the alloying elements with a strong 
affinity to nitrogen, as Al and Ti. Due to B segregation from the steel and reaction with 
nitrogen adsorbed from the atmosphere, a BN film forms on DP 500 steel. 
Kinetic investigations of BN formation and growth in 5 vol. % H2-N2 showed that at 500°C no 
formation of BN is observed on DP 500, but at 800°C and low dew point –60°C, very fast growth of 
this layer is detected. At 500°C at dew point –30°C, boron is enriched at the surface due to its 
strong affinity to oxygen and B2O3 is formed. At 800°C and dew points –30°C and -60°C, 
after 120 sec of soaking time, no Cr signal could longer be detected on the surface. The 
absence of Cr at dew point –60°C after longer time can be explained by the overgrowth of its 
oxides by fast growing BN. Wetting tests on the DP 500 steel with mostly BN formed on the 
surface show almost no wettability in a Zn bath. The possible reduction of Cr2O3 by B and 
formation of CrB needs further, more detailed investigation. The phenomenon of decreased 
dew point on the surface due to a B oxidation is observed at 800°C with dew point –30°C, 
where after 120 sec a stronger external oxidation of the Si, Al and Mn occurs. 
Segregated S is detected at dew point –60°C on both interstitial free steels, but not on DP 500 
since this steel has a very low S content in the bulk. Existence of S in the ionised state (S2-) 
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indicates the probable presence of MnS on the surface. Wetting tests in a Zn bath showed that 
the surfaces of the interstitial free steels, annealed at dew point –60°C, are very good wetted 
by a Zn bath, as they are covered with very small particles of Al and Mn oxides. The 
exception is the DP 500 steel with non wettable BN formed on the surface. 
 
With increasing dew point to –30°C, i. e. increased oxygen partial pressure, a transition of Al 
oxidation from external to internal takes place as confirmed by the decreased signal of Al 
observed on all steels. Due to the enhanced oxygen diffusion into the steel, Al oxidation takes 
place preferentially below the surface, thus decreasing the number of Al atoms that can reach 
the surface and oxidize there. The maximum of Mn, Si and Cr external oxidation occurs at 
dew point –30°C. Formation of MnSiO3, as well as MnO takes place on DP 500 and Ti-IF 
steels. The only Cr oxide, also detected on these two steels, is Cr2O3. Nitride particles, AlN 
and TiN, appear on all alloys as already observed at dew point –60°C. There are still some 
small amounts of BN formed on DP 500 steel. No Si could be found on the surface of TiNb-
IF but the formation of (Mn,B) oxide(s), especially at the grain boundaries was observed. 
Below these oxides, at the grain boundaries, Al and Si oxides are formed. The segregation of 
fast diffusing B atoms and their oxidation on the surface suppresses the segregation and oxidation 
of Si on the surface. On TiNb-IF alloy there is some segregated and oxidized S found after 
annealing at dew point –30°C, but no S is observed on the surface of the Ti-IF steel. 
Segregated Si displaces C and obviously impedes the segregation of S. On the other hand 
decreased segregation of S is found on TiNb-IF compared to the value at dew point –60°C. 
The grain boundaries are occupied by Al and Si oxides, thus making the segregation of big S 
atoms difficult. The wettability of the surfaces decreases on all alloys at dew point –30°C but 
especially inhibiting is the formation of (Mn, B) oxides on the surface of TiNb-IF alloy. 
 
A further increase of the oxygen partial pressure, by increased dew point (0°C), suppresses 
external oxidation of most of the alloying elements. On the surfaces of all the investigated 
steels (Fe, Mn) phosphates are formed. Some Cr2O3 is found only on the DP 500 steel with 
the highest concentration of Cr in the bulk. On the Ti-IF and DP 500 steels very small 
amounts of SiO2 are also detected. Presence of TiN particles is confirmed on all surfaces. The 
dominant process at dew point 0°C is external oxidation of P, which is not observed on the 
steels at lower dew points. Phosphates are mostly formed at the grain boundaries, while the 
grains are predominantly covered by MnO, with very few Cr2O3 and SiO2 particles on Ti-IF 
and DP 500 steels. The presence of S is detected only on the Ti-IF steel and this steel contains 
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the highest amount of S in the bulk of all the alloys investigated. An increase of both, C and P 
on the DP 500 steel was observed, while the absence of Si on TiNb-IF at all three dew points 
can be understood by a site competition between segregating B and/or S and Si at low dew 
points, and P and/or C and Si at higher dew points. The wettability behaviour of the steel 
surfaces annealed at dew point 0°C is much better than after annealing at dew point –30°C. 
Selective oxidation and a transition from the external oxidation of the alloying elements, Al, 
Si and Cr, to internal improves the wettability of the steel surfaces. 
 
The other way to improve the wettability is preoxidation of alloys in air and subsequent 
annealing. Results obtained on model alloys show that after annealing in 5 % H2-N2 
atmosphere the surfaces are covered by very stable oxides of Si, Mn and Al. These surfaces 
exhibit problems during the wetting trials, especially the Fe-Si and Fe-Al alloys if they 
contain more than 3 wt. % of the alloying element since nearly continuous silica and alumina 
layers are formed. After oxidation in air, the Fe-Si and Fe-Al alloys with less than 3 wt. % of 
the alloying element are covered partially by Fe-oxides and partially by fayalite. During the 
subsequent annealing the Fe-oxides are reduced to metallic Fe and the surfaces show a better 
wettability in a Zn bath than only annealed steels. The best wetting is obtained on the Fe-1 wt. 
% Si, where a spongy metallic Fe forms after reduction in the annealing cycle. When the 
alloys contain 3 wt. % Si or Al or more, a larger area of the surface is covered by non wetted 
Si and Al oxides and these surfaces show no improved wettability after the annealing. On the 
Fe-Mn alloys, after oxidation in air, complex oxide layers are detected being mostly (Fe, Mn) 
oxides and Fe-oxides. Although not completely reduced to metallic Fe, these surfaces seem to 
give no significant problems in the wetting process. 
 
This work has shown that selective oxidation can be a powerful tool for improving the surface 
wettability of steels in a Zn bath. However in the case of some steels (i. e. DP 500) very low 
dew points should be avoided since non wettable BN forms. Preoxidation, before annealing is 
a promising process in the case of alloys with a low enough concentration of the alloying 
elements Si and Al (less than 3 wt. %) while the alloy with 5 wt. % Mn can still have good 
wetting after preoxidation and annealing. 
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5.4 Zusammenfassung 
Diese Arbeit untersucht die Auswirkung selektiver Oxidation durch Glühung auf die 
Oberflächenbenetzbarkeit kommerzieller Stähle (DP 500, Ti-IF Stahl und TiNb-IF Stahl) in 
einem Zn-Bad. Als versprechender Weg die Oberflächechemie und Morphologie zu 
kontrollieren und gute benetzbarkeit in Zn-Bad zu schaffen, Voroxidation, vor dem Glühen, 
wurde auf Modell Legierungen Fe-Al, Fe-Mn und Fe-Si untersucht. 
Glühungen der kommerziellen Stähle wurde bei 820ºC in einer 5 vol % H2-N2 Atmosphäre 
bei verschiedenen Taupunkten von -60°C, -30°C und O°C durchgeführt und bestätigten, dass 
selektive Oxidation der Legierungselemente Mn, Al, Cr, Si, B und P stattfindet. 
Die stärkste externe Oxidation von Al wurde bei allen Stählen bei niedrigen Taupunkten (-60ºC) 
beobachtet. Das einzige Oxid von Aluminium, das entdeckt wurde ist Al2O3. Externe 
Oxidation von Mangan wurde bei diesem niedrigen Taupunkt ebenso gefunden und die 
Gegenwart von MnO wurde bestätigt. Weder Oxide von Cr noch von Si wurden unter diesen 
Bedingungen gefunden. Einige Nitridteilchen, AlN und CrN auf DP 500, und TiN auf IF-
Stählen, wurden ebenfalls beobachtet. Die Bildung dieser Nitride erfolgt durch die Reaktion 
von Stickstoff, das aus dem Stahl segregiert, mit den Legierungselementen mit sehr starker 
Affinität zur Stichstoff, Al, Cr und Ti. Durch die Segregation von B aus dem Stahl und die 
Reaktion mit Stickstoff, der aus der Atmosphäre adsorbiert, bildete sich eine BN Schicht auf 
DP 500 Stahl. Kinetische Untersuchungen der BN Bildung und des Wachstums in 5 vol % 
H2-N2 zeigten, dass bei 500ºC keine Bildung von BN auf DP 500 erfolgt, wobei bei 800ºC 
und einem niedrigen Taupunkt von -60ºC wurde sehr schnelles Wachstum dieser Schicht 
beobachtet. 
Bei 500ºC und einem Taupunkt von -30ºC reichert sich Bor wegen seiner starken Affinität zu 
Sauerstoff an und es bildet sich B2O3. Bei 800ºC und Taupunkten von -30°C und -60ºC wurde 
nach 120s Halten der Glühtemperatur kein Cr Signal an der Oberfläche festgestellt. Die 
Abwesenheit von Cr bei einem Taupunkt von -60ºC nach längeren Glühzeiten kann durch die 
Überwucherung der Oxide durch schnell wachsendes BN erklärt werden. Benetzungstests mit 
DP 500 Stahl, auf dem sich vorwiegend BN an der Oberfläche gebildet hatte, zeigten in einem 
Zinkbad so gut wie keine Benetzbarkeit. Die mögliche Reduktion von Cr2O3 durch B und die 
Bildung von CrB kann erst nach weiteren, detaillierten Untersuchungen bestätigt werde. Das 
Phänomen einer Taupunktminderung an der Oberfläche durch die Oxidation von B wird bei 
800ºC und einem Taupunkt von -30ºC beobachtet. Dort verstärkt sich die externe Oxidation 
5.4 Zusammenfassung 189 
von Si, Al und Mn nach 120s. Segregierter S wurde bei dem Taupunkt von -60ºC auf beiden 
IF-Stählen aber nicht auf DP 500, dem Stahl mit dem geringsten S Gehalt, gefunden. Das 
Vorhandensein von S im ionisierten Zustand (S2-) deutet auf die wahrscheinliche Bildung von 
MnS an der Oberfläche hin. Benetzungstests in einem Zinkbad zeigen, das die Oberflächen 
von IF-Stählen nach der Glühung bei Taupunkt -60ºC, sehr gut zu benetzen sind, da sie nur 
mit sehr kleinen Al und Mn Oxid Teilchen bedeckt sind. Die Ausnahme ist DP 500, wo sich 
nicht benetzbares BN an der Oberfläche bildete. 
Bei einer Erhöhung des Taupunktes auf -30ºC, d. h. bei einem erhöhten Sauerstoffpartialdruck, 
findet ein Wechsel von externer zu interner Al Oxidation statt. Dies wird durch das verringerte 
Al Signal auf allen Stählen bestätigt. Durch die stärkere Sauerstoffdiffusion in den Stahl 
findet Al Oxidation bevorzugt unterhalb der Oberfläche statt. Dies verringert die Anzahl der 
Al Atome, die die Oberfläche erreichen und dort oxidiert werden. Das Maximum externen 
Oxidation von Mn, Si und Cr erfolgt bei dem Taupunkt -30ºC. Bildung von MnSiO3 und 
MnO findet auf DP 500 und Ti-IF Stählen statt. Das einzige Cr Oxid, das auf diesen beiden 
Stählen festgestellt wurde, ist Cr2O3. Nitrid Teilchen, AlN und TiN, zeigen sich auf allen 
Legierungen, wie schon bei einem Taupunkt von -60ºC beobachtet wurde. Kleinere Mengen 
von BN bildeten sich immer noch auf dem DP 500 Stahl. Kein Si wurde an der Oberfläche 
des TiNb-IF Stahls gefunden, es wurde jedoch insbesondere an den Korngrenzen die Bildung 
von (Mn,B)Oxid beobachtet. An den Korngrenzen, unterhalb dieser Oxide, bildeten sich Al 
und Si Oxide. Die Segregation von schnell diffundierenden B Atomen und ihre Oxidation an 
der Oberfläche unterdrückt die Segregation und Oxidation von Si an der Oberfläche. Auf der 
TiNb-IF Legierung wurde Segregiertes S nach der Glühung bei einem Taupunkt von -30ºC 
gefunden, nur auf der Oberfläche des Ti-IF Stahls wurde kein S beobachtet. Segregiertes Si 
ersetzt C was offensichtlich die Segregation von S verhindert. Andererseits wurde eine 
verringerte Segregation von S auf TiNb-IF im Vergleich zu dem Wert bei einem Taupunkt 
von -60ºC gefunden. Die Korngrenzen sind von Al und Si Oxiden besetzt, was die 
Segregation des großen S Atomen (Ionen) schwierig macht. Die Benetzbarkeit der 
Oberflächen verschlechtert sich bei allen Legierungen bei einem Taupunkt von -30ºC, 
besonders hemmend ist die Bildung von (Mn,B)Oxid an der Oberfläche der TiNb-IF 
Legierung. 
 
Eine weitere Erhöhung des Sauerstoff-Partialdrucks, bei den erhöhten Taupunkt 0ºC, 
unterdrückt die externe Oxidation der meisten Legierungselemente. An den Oberflächen der 
meisten Stähle bilden sich (Fe, Mn) Phosphate. Etwas Cr2O3 wurde nur auf dem DP 500 Stahl 
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mit der höchsten Cr Konzentration in der Hauptmasse gefunden. Auf den Ti-IF und DP 500 
Stählen wurden sehr geringe Mengen von SiO2 entdeckt. Die Gegenwart von TiN Teilchen ist 
an allen Oberflächen bestätigt worden. Der dominierende Prozess bei dem Taupunkt 0ºC ist 
die externe Oxidation von P, die auf den Stählen bei niedrigeren Taupunkten nicht beobachtet 
wurden. Phosphate bilden sich meistens an den Korngrenzen, während die Körner in erster 
Linie von MnO, und daneben wenigen Cr2O3 und SiO2 Teilchen auf den Ti-IF und DP 500 
Stählen, bedeckt sind. Die Gegenwart von S wurde nur auf dem Ti-IF Stahl, dem Stahl mit 
dem höchsten S Gehalt von allen untersuchten Legierungen, festgestellt. Ein Anstieg von C 
und P wurde im DP 500 Stahl beobachtet. Die Abwesenheit von Si auf TiNb-IF bei allen drei 
Taupunkten kann durch die Konkurrenz um die Platzbesetzung zwischen segregierendem B 
und/oder S und Si bei niedrigeren Taupunkten und zwischen P und/oder C und Si bei höheren 
Taupunkten verstanden werden. Das Benetzungsverhalten der Stahloberfläche nach Glühung 
bei dem Taupunkt 0ºC ist viel besser als nach der Glühung bei dem Taupunkt -30ºC. Selektive 
Oxidation und der Übergang der Oxidation der Legierungselemente Al, Si und Cr von extern 
zu intern verbessert die Benetzbarkeit der Stahloberflächen.  
 
Der andere Weg um die Benetzbarkeit zu verbessern, ist die Voroxidation der Legierungen in 
Luft, gefolgt von einer Glühung. Die bei den Modellegierungen erreichten Resultate zeigen, 
dass nach einer Glühung in einer 5 % H2-N2 Atmosphäre bei Taupunkt -30°C die Oberflächen 
von sehr stabilen Si, Mn und Al Oxiden bedeckt sind. Diese Oberflächen haben Probleme in 
den Benetzungsversuchen, insbesondere die Fe-Si und Fe-Al Legierungen falls sie mehr als 3 
Gew. % des Legierungselementes besitzen, da sich beinahe zusammenhängende Silizium-
Oxid und Aluminium-Oxid Schichten formen. Nach der Oxidation in Luft sind die Fe-Si und 
Fe-Al Legierungen mit weniger als 3 Gew. % des Legierungselementes teilweise von Fe-
Oxiden und teilweise von Fayalit bedeckt. Während der darauf folgenden Glühung werden 
die Fe-oxide zu metallischem Fe reduziert und die Oberflächen zeigen eine bessere 
Benetzbarkeit im Zinkbad als die Stähle, die nur geglüht wurden. Die beste Benetzbarkeit 
wurde mit Fe-1 Gew. % Si erzielt, wo sich ein schwammiges, metallisches Fe nach der 
Reduktion im Glühzyklus bildet. Wenn die Legierungen 3 Gew. % oder mehr Si oder Al 
enthalten, ist ein größerer Bereich der Oberfläche von nicht benetzbaren Si- und Al-Oxiden 
bedeckt und diese Oberflächen zeigen keine verbesserte Benetzbarkeit nach der reduzierenden 
Glühung. Auf den Fe-Mn Legierungen wurden nach der Oxidation in Luft komplexe 
Oxidschichten entdeckt, meistens (Fe,Mn)oxide und Fe-Oxide. Obwohl sie nicht komplett zu 
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metallischem Fe reduziert worden sind, scheinen diese Oberflächen keine wesentlichen 
Probleme im Benetzungsprozess darzustellen. 
Diese Arbeit hat gezeigt, dass selektive Oxidation ein leistungsstarkes Instrument zur 
Verbesserung der Oberflächenbenetzbarkeit von Stahl in einem Zn-Bad ist. Im Falle von 
einigen Stählen (d. i. DP 500) sollten jedoch sehr niedrige Taupunkte vermieden werden, da 
sich sonst nicht benetzbares BN bildet. Voroxidierung vor der reduzierenden Glühung ist im 
Falle von Legierungen mit niedriger Konzentrationen der Legierungselementen Si und Al, d. 
h. weniger als 3 Gew. % Si und Al, ein Erfolg versprechendes Verfahren. Selbst eine 
Legierung mit 5% Mn ist nach Voroxidierung und Glühung immer noch gut benetzbar. 
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APPENDIX I 
 
 
Table 1: Ratio metal-oxygen, molar volume of oxides and diffusion coefficients of various 
alloying elements in ferrite and additionally C and N in austenite [Ma92]: 
 
 
 
Alloying 
elements 
 
 
n 
VXOn, 
cm3/mol 
Frequency 
Factor DOX 
in Ferrite, 
cm2/s 
Activation 
Energies of 
Diffusion 
QX in Ferrite, 
J/mol 
Diffusion 
Coefficient 
DX at 
650°C, 
cm2/s 
Diffusion 
Coefficient 
DX at 
810°C, 
cm2/s 
C in ferrite - - 2,2 75658 1,15×10-4 4,94×10-4 
C in austenite - - 0,15 141284 1,52×10-9 2,3×10-8 
Si 2 26,12 8 249115 6,38×10-14 7,73×10-12 
Mn 1,5 13,02 1,49 233623 8,96×10-14 8,04×10-12 
Cr 1,5 14,59 2,4 239904 6,36×10-14 6,45×10-12 
Al 1,5 12,86 5,9 241578 1,26×10-14 1,32×10-11 
B 1,5 28,3 10-5 62802 2,79×10-9 9,35×10-9 
N in ferrite - - 0,003 77037 2,97×10-3 5,78×10-7 
N in austenite - - 0,02 117158 4,68×10-9 4,47×10-8 
O - - 3,71×10-2 96506 1,28×10-7 8,22×10-7 
P 2,5 29,69 7,1 167472 2,36×10-9 5,9×10-8 
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Fig. 1: Mn-B-O2 stability phase diagram at 820°C. 
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Fig. 2: Cr-B-O stability phase diagram at 500°C. 
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Fig. 3: Cr-B-O stability phase diagram at 820°C. 
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Fig. 4: MnO-B2O3 phase diagram [Sla95]. 
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Wettability tests: 
 
 
Wetting tests were performed in spin coater with Zn syringe presented in Fig. 1. A contact 
angle between a Zn drop and a surface is observed. A contact angle can be calculated by the 
balance of forces near the contact line in static equilibrium [Add94] using the following 
equation: 
 
( ) ( )( ) ( ) 1gl,γls,γgs,γcosθ −−=  
 
A) 
cos θ < 90°C –wetting
γ (l, g)
γ (s, g) γ (s, l)
Steel substrate
Zn dropletθ
 
B) 
cos θ > 90°C – dewetting
γ (l, g)
γ (s, g) γ (s, l) Oxide layer
Steel substrate
Zn droplet
θ
 
 
 
All wettability tests were performed in 5 vol. % H2-N2 gas atmosphere at 460°C at dew point 
–70°C for 3 sec. The Zn bath composition was Zn - 0,2 wt. % Al - saturated with Fe. 
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Heated sample holder (up to 
1000°C) 
 
Fig. 1: Spin-coater for liquid metals. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Zinc filled 
syringe Zinc filled syringe 
Load lock Spinning device 
Inert/reducing or 
oxidizing gas 
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Wetting tests on the commercial steels: 
 
 
 
Fig. 2a: The surface of DP 500 alloy annealed 
at 800°C at dew point –60°C for 60 sec 
(mostly BN is formed on the surface). 
 
 
 
 
Fig. 2b: Zn drop after 3 sec on the surface of 
DP 500 alloy annealed at 800°C at dew point 
–60°C for 60 sec (no wettability). 
 
 
Fig. 3a: The surface of DP 500 alloy annealed at 
800°C at dew point –30°C for 60 sec (mostly Mn, 
Si and Cr oxides are formed on the surface). 
 
 
 
 
 
Fig. 3b: Zn drop after 3 sec on the surface of 
DP 500 alloy annealed at 800°C at dew point 
–30°C for 60 sec (poor wettability). 
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Fig. 4a: The surface of DP 500 alloy annealed at 
800°C at dew point 0°C for 60 sec (mostly are 
(Fe, Mn) phosphates on the surface and some Si 
and Cr oxides). 
 
 
 
 
Fig. 4b: Zn drop after 3 sec on the surface of 
DP 500 alloy annealed at 800°C at dew point 
0°C for 60 sec (very good wettability). 
 
 
Fig. 5a: The surface of TiNb-IF alloy 
annealed at 800°C at dew point -60°C for 60 
sec (mostly Al and Mn oxides). 
 
 
 
 
Fig. 5b: Zn drop after 3 sec on the surface of 
TiNb-IF steel annealed at 800°C at dew point -
60°C for 60 sec (very good wettability). 
 
APPENDIX II 210 
Fig. 6a: The surface of TiNb-IF steel annealed 
at 800°C at dew point -30°C for 60 sec (mostly 
Mn,B oxide and MnO). 
 
 
 
 
Fig. 6b: Zn drop after 3 sec on the surface of 
TiNb-IF steel annealed at 800°C at dew 
point -30°C for 60 sec (good wettability). 
 
Fig. 7a: The surface of TiNb-IF steel annealed 
at 800°C at dew point 0°C for 60 sec (mostly 
(Fe, Mn) phosphates are on the surface). 
 
 
 
 
Fig. 7b: Zn drop after 3 sec on the surface of 
TiNb-IF steel annealed at 800°C at dew 
point 0°C for 60 sec (very good wettability).
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Wetting tests on the model alloys: 
 
 
1. Fe – Si alloys: 
 
 
Fig. 8a: The surface of Fe-1 wt. % Si reduced 
at 820°C at dew point –30°C for 60 sec, after 
60 sec oxidation in air at 700°C (metallic Fe 
on the surface). 
 
 
 
 
 
 
Fig. 8b: Zn drop after 3 sec on the surface 
of Fe-1 wt. % Si reduced at 820°C at dew 
point –30°C for 60 sec, after 60 sec 
oxidation in air at 700°C (metallic Fe on 
the surface is excellent wetted with Zn). 
 
Fig. 9a: The surface of Fe-5 wt. % Si reduced 
at 820°C at dew point –30°C for 60 sec, after 
60 sec oxidation in air at 700°C (silica layer 
and metallic Fe particles). 
 
 
 
 
Fig. 9b: Zn drop after 3 sec on the surface of 
Fe-5 wt. % Si reduced at 820°C at dew point 
–30°C for 60 sec, after 60 sec oxidation in air 
at 700°C (poor wettability). 
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2. Fe-Mn alloys 
 
 
Fig. 10a: The surface of Fe-1 wt. % Mn 
reduced at 820°C at dew point –30°C for 60 
sec, after 60 sec oxidation in air at 700°C 
(metallic Fe and some unreduced Mn oxides). 
 
 
 
 
Fig. 10b: Zn drop after 3 sec on the surface 
of Fe-1 wt. % Mn reduced at 820°C at dew 
point –30°C for 60 sec, after 60 sec oxidation 
in air at 700°C (excellent wettability). 
 
Fig. 11a: The surface of Fe-3 wt. % Mn 
reduced at 820°C at dew point –30°C for 60 
sec, after 60 sec oxidation in air at 700°C 
(reduced Fe oxides with some Mn and 
unreduced (Fe, Mn)3O4 oxide) 
 
 
 
Fig. 11b: Zn drop after 3 sec on the 
surface of Fe-3 wt. % Mn reduced at 
820°C at dew point –30°C for 60 sec, after 
60 sec oxidation in air at 700°C (good 
wettability). 
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3. Fe - Al alloys 
 
 
Fig. 12a: The surface of Fe-0,1 wt. % Al 
annealed at 820°C at dew point –30°C for 60 
sec, after 60 sec oxidation in air at 700°C 
(metallic Fe on the surface). 
 
 
 
 
Fig. 12b: Zn drop after 3 sec on the surface of 
Fe-0,1 wt. % Al annealed at 820°C at dew 
point –30°C for 60 sec, after 60 sec oxidation 
in air at 700°C (excellent wettability). 
 
 
Fig. 13a: The surface of Fe-5 wt. % Al annealed 
at 820°C at dew point –30°C for 60 sec after 60 
sec oxidation in air at 700°C (some metallic Fe 
and unreduced Al oxides on the surface). 
 
 
 
Fig. 13b: Zn drop after 3 sec on the surface of 
Fe-5 wt. % Al annealed at 820°C at dew 
point –30°C for 60 sec after 60 sec oxidation 
in air at 700°C (poor wettability). 
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